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A VARIANT OBTAINED DIRECTLY FROM PNEUMO- 
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A great many observations have been made during the last 
quarter of a century on the dissociation of pneumococci and its 
relation to morphological and serological changes. Even as early 
as 1892, Kruse and Pansini showed that pneumococci might exist 
in two forms—one possessing little virulence, growing in chains 
and having no capsule; the other being lancet-shaped, well-encap- 
sulated, and very virulent. Neufeld (1902) demonstrated that 
when virulent pneumococci are grown in immune serum they lose 
their virulence and their power to form capsules. Again, in 
1905, Kindborg pointed out that there were two forms of pneu- 
mococci and at the same time proved that the less virulent of the 
two grows much better in artificial media. 

More recently the studies of Stryker (1916); Blake and Trask 
(1923); Reimann (1925); and Amoss (1925) have definitely 
proved that when virulent strains of pneumococci are grown in 
media containing immune serum, in media containing bile, or in 
slightly acid media there will be produced striking changes in 
colony formation, type specificity, agglutinability, capsule forma- 
tion and virulence. 

Practically all of the results, reported by the above mentioned 
investigators, were obtained by the use of purely artificial media, 
or of such media modified by the addition of various substances, 
such as immune serum, acid, or bile. 

The variant described in this paper was obtained not by the 
employment of artificial media, but from what is considered to 
be the best medium for cultivating pneumococci, namely the 
peritoneal fluid and heart blood of mice which had died from the 

1 


JOURNAL OF BACTERIOLOGY, VOL. XX, NO. 1 








2 MORRIS L. RAKIETEN 


injection of minimal lethal doses of a very virulent strain of 
Pneumococcus Type II. This “‘stock strain’ of pneumococcus 
was obtained from Dr. A. K. Poole of the Department of Clinical 
Medicine, and had been isolated from the blood stream of a 
patient suffering from pneumonia. 

When the culture was obtained it was a Gram-positive lanceo- 
late diplococcus possessing a well-defined capsule. It was bile 
soluble, fermented inulin, and agglutinated with Type II anti- 
serum in high dilutions. On fresh rabbit blood agar plates the 
colonies, when observed under a magnification of 15 xX, were 
slightly raised, smooth, with the characteristic concave surface 
of pneumococcus colonies. Growth on this medium was always 
accompanied by a reduction of hemoglobin in the immediate 
vicinity of the colony. The organism had, at this time, a moder- 
ate degree of virulence, approximately 20 cells killing a white 
mouse within twenty-four hours. 

This particular strain was being utilized in a study designed 
to develop a bacteriophage for type II pneumococcus, the results 
of which will be published at a later date. In the course of this 
work two types of organisms were produced by the action of a 
lytic principle which had been derived from sputum. One of the 
pheumococcus types was extremely virulent—three organisms 
killing a mouse within 14 hours. It was a lanceolate diplococcus 
and grew better at 20°C. than at 37°C. The other assumed a 
bacillary form; was not virulent; and enjoyed a wide range of 
temperatures—from ice box to 37°C. It was found later in this 
work that an organism exactly similar to the one just mentioned 
(bacillary form) could be obtained by passing the “‘stock strain” 
through mice for the purpose of increasing and maintaining its 
virulence. 

The original strain was transferred daily into fresh rabbit blood 
pneumococcus broth (5 drops of fresh blood in 10 ec. of beef in- 
fusion broth having a pH of 7.6 to 7.8). Every other day 0.05 
ec. of this virulent culture was injected into the peritoneal cavity 
of a white mouse. The virulence of the “stock strain’ was in- 
creased and maintained by this method so that five organisms 
when injected intraperitoneally would kill a mouse within eighteen 
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hours. Material from the peritoneal cavity and heart blood was 
examined directly by tinctorial methods and was also streaked on 
fresh blood agar plates. These plates were incubated for eighteen 
to twenty-four hours at 37°C. and the colonies were examined for 
any changes by the aid of a dissecting microscope having a 
magnification of 15 xX. Typical pneumococcus colonies were 
picked off the plate and transferred into fresh blood pneumococcus 
broth and incubated for the same length of time as the plates. 
The virulence of this strain never exceeded a dilution of 10-’ 
(approximately 5 organisms). However, when the maximum 
virulence of the original strain had been reached and was being 
maintained, during the examination of the typical colonies ob- 
tained from the peritoneal fluid and heart blood there appeared 
very small colonies near to, but never in contact with, the com- 
paratively much larger typical pneumococcus colonies. These 
very small colonies appeared either singly or more commonly in 
groups of five arranged rosette fashion around the pneumococcus 
colonies. 

These tiny, smooth colonies were picked off the plate under the 
microscope with the aid of an extremely fine platinum needle. 
When they were stained by the use of Gram stain or methylene 
blue no clear cut picture of any bacterial forms could be recog- 
nized. Instead, there appeared heavily stained, highly refractile 
spherical, triangular, or irregularly shaped bodies. 

At the same time individual colonies were also inoculated 
directly into either blood pneumococcus broth or plain pneumo- 
coccus broth and incubated for eighteen to twenty-four hours at 
both 37° and 20°C. When these tubes were removed from the 
incubator at the end of this time and examined macroscopically 
no evidence of any growth appeared; the broth remaining as 
clear in the inoculated tubes as in the sterile broth control tubes. 
However, when the material from the several tubes was 
stained with the Gram stain, highly refractile bodies could be 
seen. These masses were quite large, spherical, or nearly spheri- 
cal in shape, and there was a tendency for most of the individuals 
to remain well isolated, although it was not uncommon to see 
them in clusters. (See fig. 1.) 
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The tubes were returned to the incubators for another eighteen- 
to twenty-four-hour period of incubation, but before doing so, 
0.05 cc. from each tube was placed on a fresh blood agar plate 
and streaked with sterile glass rods. These plates were also 
incubated at the same temperatures as the broth cultures from 
which the material was obtained. 

Following this second incubation the broth cultures showed 
macroscopic evidence of a definite, extremely fine granular sus- 
pension in the clear broth. This granular substance appeared 
heaviest in the plain broth tubes, the blood pneumococcus broth 
supporting the growth of the variant only to a meagre extent. 
Upon examining stained preparations from the tubes, various 
shaped bodies could be made out. Some were still spherical, 
others were definitely curved, giving the impression of vibrios, 
while the remainder were either short thick rods, or longer, less 
thick, bacillary forms. (See fig. 2.) 

The growth on the plates, although very luxuriant, was diffi- 
cult to see due to the extremely small size of the colonies. It was 
only when the plates were held so that direct light struck them 
obliquely that the mass of colonies could be discovered. With 
the naked eye they seemed more like a part of the surface of the 
plate than distinct bacterial growth. However, when the plates 
were examined with the dissecting microscope the small, smooth 
colonies could be easily distinguished. It should be emphasized 
that if the plates were given only a customary glance for evidence 
of growth it would most likely be missed, to the naked eye the 
plates appearing to be absolutely devoid of growth. Stained 
preparations from individual colonies from these plates revealed 
essentially the same picture as that described above. 

Again the tubes were returned to the incubators for another 
eighteen- to twenty-four-hour period, but before doing so fresh 
blood agar plates were seeded in the same fashion as before. 

At the end of the seventy-two-hour incubation period the 
broth, instead of being crystal clear and supporting a fine granular 
suspension, was faintly turbid throughout. Stained preparations 
showed that the organisms were now definitely rod-shaped and 
strongly Gram-positive. Here and there, however, vibrio-like 
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forms could be seen. (See fig. 3.) The growth on the blood agar 
plates seeded from the tubes which had been incubated for forty- 
eight hours consisted of very fine, small colonies. Around the 
mass of colonies the hemoglobin had been reduced, forming a 
fringe of hemolysis which could be made out very easily. Figure 
4 shows a mass of these colonies photographed and magnified 10 
x. The fringe of hemolysis can be observed as well as several 
individual colonies. Figure 5 also shows individual colonies 
photographed and magnified 10 x. The zone of hemolysis can 
easily be seen. When these colonies were examined by tinctorial 
methods the individuals were entirely Gram-positive bacilli. 

Once the culture had attained the amount of growth evidenced 
by a faint turbidity, a small amount transferred into fresh broth 
gave equally good evidence of growth within twenty-four hours 
either at room temperature or at 37°C. When these subcultures 
(twenty-four hours) were stained they always presented a picture 
similer to that of figure 3. Subcultures on fresh blood agar plates 
always gave good evidence of growth after an equally long incu- 
bation period. However, if a culture is allowed to remain at 
room temperature for a period as long as 14 days and then exam- 
ined one can see evidence of diplococcus-like forms as well as the 
bacillary type which predominates. (See fig. 6.) 

The variant is very stable, and transplants made from cultures 
standing at room temperature for as long as a month grow very 
luxuriantly. The culture can be maintained on blood agar at 
ice-box temperature for as long as four months without transfer- 
ring onto fresh media. Indeed, the first few days after the fresh 
culture is placed in the ice-box the colonies increase in size slightly. 
It is a Gram-positive bacillus; is bile soluble; and agglutinates 
with Type II antiserum up to a dilution of 1:400. It also agglu- 
tinates to a very slight extent with Type I antiserum. It has 
never been pathogenic for mice; as much as 2 cc. of a very heavy, 
fresh suspension has been injected into the peritoneal cavity 
without affect. 


The parent strain of pneumococcus when originally obtained in 
its moderately virulent form never showed associated with it any 
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of these very small colonies. It was only when the maximum 
virulence of this strain of pneumococcus had been reached that 
the variant appeared. So long as the virulence of the culture 
was maintained at this high point, one could readily isolate the 
variant from the heart blood or peritoneal fluid of mice which had 
died from a minimal lethal dose of the pneumococcus. It is not 
known just when this change occurs, for when mice which were 
almost dead were killed and autopsied, the variant could be ob- 
tained from their body fluids as easily as from those which had 
died during the course of the infection. 

This variant differs materially in morphology, pathogenicity, 
and temperature requirements from the original strain. However, 
it retains some features which still characterize it as a pneumo- 
coccus; bile solubility, ability to reduce hemoglobin, and agglu- 
tinability with type specific antiserum in fairly high dilutions. — It 
is hoped that further work with this variant will cause it to return 
to a lanceolate diplococecus. Once that is achieved the question 
of restoring it to its original virulence can be pursued. 

The fact that one can isolate under ordinary conditions, pneu- 
mococci from human throats suggests that many of the Gram- 
positive bacilli found in normal throats and so vaguely classified, 
may be products of pneumococci. As such they may play a very 
small rdle in the health of the individual harboring them. How- 
ever, it is possible that certain conditions may lead to a reversion 
of these innocuous forms to virulent types, when they may become 
highly invasive. 
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A SIMPLE MINERAL MIXTURE AGAR FOR THE CUL- 
TIVATION OF PASTEURELLA BOVISEPTICA!' 
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During the past few years many experiments have been made 
on the cultivation of anaerobes, especially Clostridium chauvei 
which are grown with difficulty in culture. It was found that 
ferric salts increased the virulence of cultures of this organism, 
while ammonium dihydrogen phosphate, sodium citrate, and 
potassium tellurite increased the production of aggressive sub- 
stances without increasing virulence. These experiments led 
to the study of the action of 68 salts on the growth, gelatin lique- 
faction, and fermentation of anaerobic organisms. 

The optimum concentration of the 68 salts was determined by 
growing Cl. welchit, Cl. novyi, and Cl. sporogenes in brain medium, 
broth, and gelatin containing 0.5 per cent peptone and 0.5, 
0.05, 0.005, 0.0005, and 0.00005 molar concentrations of the salts. 
A study of the essential ions necessary for the growth of these 
anaerobic organisms and of Cl. septicus (Cl. oedematis-maligni) 
and Cl. chauvei was made by making a mixture containing all 20 
ions found in the 68 salts and 19 mixtures, from each of which a 
single ion was omitted. Mixtures which caused a marked de- 
crease in the growth of the five test organisms were considered 
to have an essential ion missing. Mixtures of ten ions which 
caused a decrease in growth were then made and again tested. 
This was repeated for seven ions and finally for six ions. It was 
found that only five of the 20 ions tested are essential for the 
growth of these anaerobic organisms. These essential ions are 


1 Contribution No. 45, Department of Veterinary Medicine, Kansas Agri- 
cultural Experiment Station, Manhattan, Kansas. 
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potassium, ammonium, dihydrogen phosphate, bicarbonate, and 
pyruvie acid. 

It was found that these salts did not stimulate liquefaction 
of gelatin or fermentation as readily as other salts. Potassium 
chloride, potassium hydrogen phosphate, and sodium hydrogen 
phosphate were more efficient in causing liquef action of gelatin by 
Cl. septicus, Cl. chauvei, and Cl. novyi, than salts containing the 
essential ions. Similarly ferric ammonium citrate, magnesium 
sulfate, and disodium hydrogen phosphate increased the fermenta- 
tion reactions of these organisms. 

From this study it was thought possible that an agar medium 
could be developed which would grow Pasteurella boviseptica more 
readily than ordinarily infusion agar and it was also hoped that 
the virulence of the organisms could be more readily maintained. 

The optimum concentration of potassium chloride, potassium 
bicarbonate, sodium chloride, ammonium dihydrogen phosphate, 
potassium citrate, and ferric ammonium citrate were made. An 
aqueous agar and a beef heart decoction agar containing 0.5 per 
cent peptone and 1.5 per cent Difco Bacto agar were prepared 
and adjusted to pH 7.2. Nine cubic centimeters of the media 
were distributed in test tubes which were then stoppered and 
sterilized at ten pounds pressure. The six salts were added so 
as to make final solutions of 0.5, 0.05, 0.005, 0.0005, and 0.00005 
molar concentration. The tubes were then cooled in a slanting 
position. Inoculation was made from a saline suspension of a 
twenty-four hour growth of different strains of Pasteurella bouvi- 
septica, and the amount of growth was compared at the end of 
twenty-four and forty-eight hours. Table 1 shows the results 
obtained from the comparison of the growth of two strains of 
Pasteurella boviseptica in these mineralized agars. 

It is seen that Pasteurella boviseptica grows quite readily in all 
dilutions of sodium and potassium chloride tested. The greatest 
differences in growth were found to occur in the case of potassium 
bicarbonate and ammonium dihydrogen phosphate. 

To determine the growth promoting powers of these salts, 40 
mixtures of them were made. Each mixture was added to beef 
heart infusion agar containing 1 to 2 per cent peptone, and 2 per 
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TABLE 1 
Optimum concentration of salts 
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cent potassium citrate or sodium citrate to keep the phosphates 
in the agar in solution (Bushnell and Hudson, 1927), and various 
dilutions and combinations of the other five salts were added 
before sterilization. Inoculation of these media were made 
from saline emulsions of twenty-four hour cultures of five test 
strains of Pasteurella boviseptica. The amount of growth was 
compared after twenty-four and forty-eight hours incubation. 

Glucose was added to some of the agar solutions and it was 
found that the consistency of the agar was altered by this carbo- 
hydrate. Fifteen per cent agar containing potassium citrate, 
potassium bicarbonate, and ammonium dihydrogen phosphate 
became too soft for use when 0.1 per cent glucose was added. 
To obtain a hard enough agar 2.5 per cent agar solutions had to 
be used. If, however, the amount of glucose did not exceed 
0.05 per cent, a satisfactory agar of 1.5 per cent strength could be 
made. Glycerol increased the toughness of this agar, and 0.5 
per cent glycerol added to the medium insures a satisfactory 
tough surface. As a result of this study a very satisfactory min- 
eral mixture agar was developed. 


MINERAL MIXTURE AGAR 


The method of preparing this medium is as follows: Grind 1 
pound of beef beart free from fat, or lean meat, through a meat 
grinder, add 500 to 1000 cc. water, and set in ice box for fifteen 
hours. Steam for one hour, cool until the fat hardens and decant. 
This broth should be used at once or sterilized in 2000 cc. flasks for 
future use. When ready to be used, this meat decoction should 
be filtered through cotton till clear and to it should be added the 
following: 


SE REESE ORE ae EEE ee fy Oe eet rey e* 20 grams 
pe | en an 15to20 grams 
Potassium citrate....... PaSr eich esi ersonsl mph toxeeures 2 grams 
one ha wemwen tee 0.5 gram 
Ammonium dihydrogen phosphate......................4. 0.6 gram 
SE IES WIND 0 o's nc 5c one cscawenscueacesdac 2.5 gram 
Glucose........ seceeeeeceeeeeeees-M0¢morethan 0.5 gram 


Distilled Water to meke........ FTAA SO 1000 ce. 
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Steam for one hour to dissolve the agar, adjust to pH 7.2. 
Usually not more than 20 cc. of normal sodium hydroxide are 
required. Do not filter. Tube and sterilize at 10 pounds pres- 
sure for forty-five minutes. 

Difco proteose peptone slightly increases the longevity of 
Pasteurella organisms grown on this medium. 

This mineral mixture agar made without potassium citrate 
was found to contain a slight precipitate after sterilization, but 
was slightly superior to the complete mixture for the cultivation 
of old dried up cultures of Pasteurella boviseptica. The dried 
growth should be first washed off with sterile saline solution be- 
fore transfers are made. 

The virulence of three strains of Pasteurella boviseptica was 
increased by the use of this agar medium. Two strains, nos. 2 
and 5, were obtained from another laboratory. Both strains 
were non-pathogenic for either guinea pigs or rabbits in doses up 
to 2 cc. of a 0.5 cm. emulsion, the density being determined by 
the Gates (1920) disappearing loop method. Culture 8, a buffalo 
strain, lost its virulence during routine cultivation; a few transfers 
on this medium rendered them pathogenic in doses of 0.05 ec. 

The viability of cultures of Pasteurella boviseptica grown on 
this medium were at least equal to the viability of the same cul- 
cures grown on hemolyzed blood agar. All strains remained 
viable for over four weeks and a number of strains grown for 
some time on this medium remained viable for six weeks. 

Eight out of twelve cultures kept at room temperature re- 
mained viable for eight weeks, while only four of these cultures 
remained viable for seven weeks when kept in the ice box. 

Salmonella pullorum and Brucella abortus grow very profusely 
on this agar medium. 

In the course of the study of the action of salts on anaerobic 
organisms it was found that certain salts stimulated fermentation 
to a very great extent. Ammonium dihydrogen phosphate, fer- 
ric ammonium citrate, ferric ammonium sulfate, ferrous sulfate, 
magnesium sulfate, sodium phosphate, cystin, and tyrosin were 
found to be the only salts among the 68 tested that regularly 
stimulated the fermentation of sucrose by Cl. chauvei in water 
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containing 0.5 per cent peptone. A very efficient sugar free 
medium for use in the fermentation of carbohydrates by an- 
aerobes was developed. This medium contained ferric ammonium 
citrate 0.03 per cent, potassium bicarbonate 0.05 per cent, diso- 
dium hydrogen phosphate 0.17 per cent, and ammonium dihydro- 
gen phosphate 0.06 per cent. 

The mineral mixture used for the production of mineral mixture 
agar, and the anaerobic sugar free medium were used as a basis 
for the development of a sugar free medium for Pasteurella or- 
ganisms. These two media and twelve combinations of the salts 
were compared. It was found that a medium containing: 


i cdtt se ethan «cc atds ake stecinn ¥eiesscieeeweres 2 grams 
III Go cba ccd. by Sires 00s Savi wecanee case 0.5 gram 
Ammonium dihydrogen phosphate....................... 0.6 gram 
Disodium hydrogen phosphate ........................... 1.7 grams 
ee nn. wc tescseeeses tess 2.5 grams 
SS AWE OLE SEEN OE he eee ... 1000 ce. 


proved very satisfactory for the differentiation of Pasteurella 
organisms from other gram negative organisms isolated from 
cases of shipping fever. A number of gas forming organisms 
produced much more gas in this mineral mixture medium than in 
ordinary sugar free broth. 


SUMMARY 


1. The growth of Pasteurella boviseptica on agar containing 
different concentrations of six mineral salts is discussed and the 
optimum concentration of each salt is determined. 

2. A mineral mixture agar is described which increases the 
growth, viability, and pathogenicity of Pasteurella boviseptica. 

3. The viability of cultures of Pasteurella boviseptica is pro- 
longed by storage at room temperature instead of at an ice box 
temperature of 50°C. or less. 

4. A sugar free mineral mixture medium for the differentiation 
of Pasteurella boviseptica from related organisms is described. 
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Since the discovery of the first bacteriophage by d’Herelle in 
1916 there have been isolated many races virulent for a wide 
variety of bacteria. It is an interesting fact, however, that of the 
organisms for which specific races of bacteriophage have been 
found almost all are non-sporulating. d’Herelle (1926) himself 
mentions the discovery of a bacteriophage for B. subtilis, but 
reports no study of it. Koser (1926-27) isolated one for a thermo- 
philic spore-forming rod, but was interested in it chiefly from the 
temperature standpoint. More recently Adant (1928) has 
described a bacteriophage active against several strains of B. 
subtilis. 

In view of this scarcity of information about bacteriophagy 
among spore-forming organisms, and since a study of this problem 
might conceivably throw new light on the lytic process and, 
perhaps, upon sporulation as well, it seemed of interest to attempt 
some investigations in this field. This paper is concerned with a 
description of two lytic principles active against B. megatherium, a 
common aerobic spore-former. 

B. megatherium was selected for study because, in contrast to 
most similar organisms, it grows with diffuse turbidity in broth 
and develops on agar with a relatively homogeneous growth which 
is easily emulsified. Moreover, it is one of the largest of the 
bacteria, and as such lends itself especially readily to microscopic 
observation, even with so low a magnification as that afforded by 
the 16 mm. objective. A stock laboratory strain (no. 1) was 
used in the isolation of the bacteriophages and in all routine 
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work, but six other strains were found to be susceptible. These 
included another laboratory strain (no. 2), a culture labeled 
N.Y.U., the American Type Culture Collection strains nos. 72 and 
270, as well as two strains (nos. 20 and 20A) obtained from Dr. 
W. W. Ford. All produced, on agar and potato, the creamy 
white or yellowish growth, later changing to brown, which is 
characteristic of the species. The Type Culture Collection 
strains nos. 71 and 943, listed as B. megatherium, were not sen- 
sitive to the bacteriophage, and on agar did not develop as this 
organism usually does. 

In all routine work young organisms from an eighteen- to 
twenty-four-hour agar slant were used. The culture media 
regularly employed consisted of alkaline extract broth, pH 7.8, 
and nutrient extract agar of pH 7.0. Filtrations were made 
through L5 Chamberland candles, and all cultures and culture- 
phage mixtures were incubated at 30°C. 


ISOLATION OF LYTIC PRINCIPLES 


Sewage was used as a possible source of lytic principles. This 


was first filtered through paper to remove the coarser particles, 
and then 90 ce. of this filtrate were added to 10 cc. of broth made 
up in ten-fold strength. The reaction of the mixture was tested 
and, when necessary, sufficient N/10 sodium hydroxide was 
added to bring the pH to about 7.6, after which the material was 
passed through a candle. Ten cubic centimeter amounts of this 
clear filtrate broth were inoculated with enough young mega- 
therium organisms to produce distinct turbidity, and the culture 
was incubated. Control broth cultures of the same turbidity 
were prepared each time, in order that any differences in growth 
might be observed. After twenty-four hours the sewage-culture 
mixture was filtered, and the filtrate inoculated and incubated. 
This process was repeated daily, with the addition of sterile 
broth when needed to replace the loss in filtration. The first 
three passages showed no difference in turbidity from that of the 
controls, nor did 0.1 cc. amounts of the filtrate spread over 
heavily seeded agar plates give visible plaque formation. The 
fourth transfer, however, seemed slightly less cloudy than the 
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control, and on plates the filtrate from this transfer showed many 
areas somewhat more translucent than the body of the culture. 
Successive passages resulted in the rapid development of lytic 
power, and the tenth filtrate produced complete clearing of broth 
suspensions in a dilution of 10~*, as well as,—in proper dilution, 
clearly defined plaques on agar. 

By the use of the same method, there was obtained from another 
sample of sewage, several months later, a second lytic filtrate. 

It may be mentioned that twenty successive passages in which 
B. megatherium was grown in its own broth culture filtrates failed 
to show the development of any lytic principle whatsoever. Most 
of the criticisms directed against experiments which have ap- 
parently shown the “spontaneous generation” of bacteriophage 
have stressed the fact that the original culture perhaps contained 
a minimum amount of the latent principle. By using spores 
heated at 90°C. for fifteen minutes, as was done in this case, any 
bacteriophage present was inactivated, and this criticism could 
be avoided. 

The two lytic filtrates seemed to be essentially alike. They 
were active in the same dilutions, produced similar plaques on 
agar, and were heat labile. Fifteen successive passages of filtrates, 
which had been heated at 80°C. for ten minutes, failed to show 
any regeneration of lytic power, and other tests showed that a 
temperature of 75°C. was sufficient to inactivate them. This 
sensitivity to heat is wholly in accord with what is known about 
the behavior of other bacteriophages, and, together with other 
points of similarity, is strongly suggestive that these lytic prin- 
ciples are of the same nature as those for non-spore-forming 
bacteria. 

No secondary growth has as yet been observed in filtrates 
prepared in the usual way and kept at room temperature for 
three months. In broth cultures which have undergone ap- 
parently complete lysis, however, secondary growth may occur, 
sometimes within several days, and sometimes not until weeks 
have passed. This growth is usually scanty in amount and 
flocculent in character, made up of what appear to be typical 
organisms. 














18 PHILIP B. COWLES 


The fact that the bacteriophage is destroyed by heat makes it 
possible at any time to eliminate it from a culture, provided 
spores are present, as is usually the case. Abundant growth 
results when a clear, lysed culture is exposed to a temperature of 
80°C. for ten minutes. 

Spores do not seem to be actively attacked by the bacteriophage 
but will not germinate in its presence. Microscopic observation 
of spore-phage mixtures on agar shows no change in twenty-four 





Fia. 1. 8 PLaques, 2 Days, SHow1na PLAQUES WITH ONLY A SUGGESTION 
oF ZONE ForMATION. 3 X 


hours, and inoculations of spores from such mixture into broth 
fail to develop on account of the bacteriostatic action of the 
bacteriophage carried over with them. Spores seeded on the 
surface of an agar plate which had previously been flooded with 
bacteriophage and dried, failed to grow, but when inoculations 
were made from such a plate into broth, and then heated, abun- 
dant growth occurred. If duplicate bacteriophage titrations are 
prepared, containing as indicator in one case a visible number of 
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young megatherium organisms, and in the other so few spores 
that no turbidity is produced, and then incubated, they will 
present the same appearance. In the first case the turbidity will 
have disappeared in the first six tubes (10~*), for instance, 
although persisting in the last tubes, while in the second case the 
first six tubes will remain clear, as the bacteriophage has inhibited 
the development of the spores, and growth will have occurred in 
the others. This aspect of the problem will receive further study. 


Fig. 2. a PLaques, 1 Day, SHowine Derinite Dirrusion Zones. 3 X 


It was stated above that the plaques formed by both lytic 
filtrates are similar. This is true, but in each case these plaques 
can be divided into two main types which will be referred to for 
convenience as the a and 8 forms. The clear plaque proper with 
both types is 0.5 mm. or less in diameter, and does not increase 
in size upon prolonged incubation. The a principle, however, is 
characterized by the ability to diffuse from the plaque through 
the surrounding culture with the production of a translucent 
zone, which, upon incubation for a week or two may attain a 
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width of 10 mm. or more. During the first few hours of incuba- 
tion the zone formed may be so clear as to suggest that it is identi- 
‘al with the plaque, but microscopic observation reveals the 
presence of numerous organisms, increasing in number as the 
distance from the true plaque increases. The outer parts of this 
diffusion zone, at any stage of its development, are composed of 
masses of spores with occasional vegetative rods, and shadow 
forms. 

The 8 principle, as a rule, does not show the presence of a 
diffusion zone, and microscopic observation of a 8 plaque reveals a 
more sharply defined boundary than is seen with the a plaque. 





Fic. 3. @ PLaques, 5 Days, SHowina Extensive DiFFusion OF 
BACTERIOPHAGE. 3 X 


Both principles can be recovered from their respective plaques 
or from any portion of the zone, when this is present, and, as far 
as can be told, both principles continue to breed true. 

It should be borne in mind that all of these descriptions refer 
to observations made on only one strain of B. megatherium grow- 
ing on the usual nutrient extract agar. Numerous observations 
have indicated that the strain of culture used and especially the 
amount of nutritive material available have pronounced effects 
upon the process of bacteriophagy. Details regarding the 
intimate behavior of the two types of bacteriophage under varying 
conditions and with diverse strains of B. megatherium will be 
presented in a later paper. 














BACTERIOPHAGY OF SPORE-FORMING ORGANISM 21 


MICROSCOPIC OBSERVATION OF LYSIS 


As has been mentioned, the large size of B. megatherium 
facilitates microscopic study and, hence, permits the lytic process 
to be followed more readily than is possible with the smaller 
bacteria which have heretofore been used. 

In preliminary experiments the ordinary hanging drop was 
tried, but the active motility of the organism rendered this 
method unsatisfactory. As a substitute the following technic 
was employed. A drop of melted agar is spread over the surface 
of a sterile cover-slip and allowed to harden. A small amount of 
broth containing both megatherium cells and bacteriophage is 
next placed on the agar and dried. The cover-slip is then 
inverted on a concave slide and sealed with vaseline, after which 
the slide is placed on the warm stage under the 4 mm. objective 
of a microscope. 

When a suitable field, containing perhaps a dozen or more cells, 
is found, it is charted on paper for easy reference and then 
observed at intervals until growth is apparent. This occurs, as a 
rule, in from one to three hours, and at about the same timelysis 
may be seen. Generally lysis is not evident before actual cell 
division has been noticed, although at times a single organism 
may vanish before there has been any apparent growth. The 
dissolution of the bacteria is not instantaneous. Instead, the 
organism seems to become more and more transparent, it cannot 
be focused sharply, and, finally, in from five to ten seconds after 
the first change has been noticed, it fades away entirely. There 
is no apparent gradual decrease in size such as exists when a 
substance dissolves, and there is no visible residue, although 
occasionally there may be seen, occupying the site of the cell, a 
faint shadow which usually vanishes within a few minutes. 
It is worthy of note that in numerous observations of the lysis of 
B. megatherium there has never been seen any swelling or rupture 
such as have been reported with other bacteria. 

The following observations, typical of many others, may be 
briefly described. A single organism was watched while it grew 
into a chain of three. An end cell of this chain underwent lysis, 
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but the two remaining cells continued to divide, growing over the 
spot previously occupied by the cell which had vanished. When 
this chain had grown to comprise five cells it broke apart and at 
length another end cell disappeared, twenty-five minutes after 
the first had gone. The end cells need not be the first affected 
however. A chain of four or more may undergo lysis as a whole, 
or the middle one of a series may succumb. Sometimes one cell 
of a pair will disappear, while the other will resist the lytic action 
for many minutes. Frequently a typical raft of many cells will 
develop, only to undergo lysis eventually, both from within and 
without. 

A preparation in which bacteriophage was acting on organisms 
from a four-day agar culture contained many cells which failed 
to grow. Some of these seemed to be susceptible to the lytic 
agent, but required periods of several minutes to an hour between 
the initial change and final dissolution. Heat killed organisms 
were observed for twenty-four hours without the appearance of 
any lysis. 

All of these facts are quite in accord with the usual statements 


that the most actively growing organisms are the most susceptible 
to the bacteriophage, while old cells are less so, and dead cells, 
except perhaps in the presence of living ones, are not affected 
at all. 


SUMMARY 


The isolation of two bacteriophages specific for B. megatherium, 
a common aerobic spore-forming organism, is described. Various 
strains of this organism, seven in number, obtained from different 
sources, were susceptible to the lytic action. 

Each bacteriophage contained two principles, one of which was 
characterized by the ability to diffuse from the initial plaque 
and cause changes in the surrounding culture. 

Spores seem to be resistant to the action of the bacteriophage, 
but are inhibited from developing by its presence. 

The lytic principles were destroyed by exposure to a tempera- 
ture of 75°C. for ten minutes, and could in this way be eliminated 
from cultures containing organisms in the spore stage. 
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The lytic process as seen under the microscope is described. 
B. megatherium does not, apparently, swell or burst in lysis but 
rather fades from view. 
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Among the more important of the recent developments within 
the field of bacteriology must certainly be included the recogni- 
tion of the fact that under certain circumstances, at least, bacteria 
pass through, or yield, forms which are filter-passing,—the so- 
called protobacteria. That such forms exist seems to have been 
established beyond question, despite the fact that the factors 
controlling filtrability or non-filtrability are still, in many respects, 
obscure. It may readily be supposed that further studies of the 
physical conditions determining filtrability and, perhaps, also 
of the biological states permitting or facilitating filtration will 
serve to define more precisely the nature of the beings involved, 
and to explain the relationships between complexity of organiza- 
tion and antigenic and biochemical attributes. 

Just as it has been impossible to consider the bacterium in its 
visible form without taking cognizance of the environment within 
which it exists and upon which it subsists and reacts, so also will 
it be impossible to regard the protobacterial forms as unassociated 
with their surroundings; for, although they have thus far been 
regarded as of significance chiefly from the point of view of 
ontogeny, it is certain that from the standpoint of phenomena 
of infection and resistance they must play parts of fundamental 
importance. It is only necessary to recall the work of Fried- 
berger (1927) Bisceglie, (1924-5) and of Fejgin (1927) upon the 
kryptantigenic viruses to gain some impression of the possible 
importance of such forms in reaching valid conclusions concerning 
problems of epidemioiogy, immunology, and preventive medicine. 

In view of the accumulated reports upon the subject, it is so 

25 





26 GEORGE H. SMITH AND ELIZABETH F. JORDAN 


longer necessary to adduce proofs that bacteria may exist in, or 
yield, the protobacterial stage. Furthermore, the diversity of 
the bacterial species for which such forms have been described 
clearly shows that the monomorphic concept is not one to which 
there are certain isolated exceptions, but rather that, if exceptions 
must be taken, the instances where protobacteria have not been 
demonstrated must be so regarded, and that polymorphism must 
be accepted as the general rule. It surely would be difficult to 
find organisms more divergent, from all recognized methods of 
differentiation, than B. coli and B. pestis, B. typhosus and B. 
fusiformis, the paratyphoid bacilli and the staphylococcus, B. 
dysenteriae and B. diphtheriae, B. proteus and B. tuberculosis, or 
V. cholerae and the streptococcus, and yet for all of these, filtrable 
forms have been disclosed. It does not seem unreasonable to 
infer that with the application of proper methods this list can be 
extended to embrace all species; or, indeed, it may very well be 
that such study will but serve to show that many of the forms now 
recognized as species are derivatives, through the filter-passing 
form, of other species. 

Such questions remain to be answered, as does that bearing on 
the nature of the incitants which may lead to the appearance of 
protobacteria. Whether they originate solely through the 
operation of some external force or whether they represent some 
obligatory or optional stage in cyclogeny is a matter of the 
greatest significance. Manifestly, with the fragmentary data 
now available it is premature to attempt broad generalizations 
or to formulate a theory sufficiently comprehensive to explain 
the phenomena observed or to suggest the significance of the 
facts now known. 

The period of observation and of the mere recording of facts 
can well be extended, leaving speculation, attractive as it may be, 
until further disclosures have measurably filled the obvious gaps 
in our knowledge. Thus it is that the data presented here 
comprise the results of studies made upon the presence of proto- 
bacterial forms of B. diphtheriae, no attempt being made to 
explain their significance. 

The initial purpose of the study was to investigate the possible 
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TABLE 1 





MORPHOLOGICAL TrPes | MORPHOLOGICAL 
(INITIAL CULTURES) | TY?™® (cunfunas 
. , FROM RESIDUES) 


STRAIN DESIGNATION 





Co... 


ee 
2; 
En... 
Pa... 
Hay... 


Hay-1...* 

Hay-2...* 

Park-Williams No. 8 

Park-Williams No. 8 
+ resistant sta- 
phylococci 

Park-Williams No. 8 
+ susceptible 
staphylococci 

No. 721 


No. 955 
No. 5 


No. 9 


. 723 


. 721-10 





| Connecticut 





New Haven Hospital 


New Haven Hospital 
New Haven Hospital 
New Haven Hospital 
New Haven Hospital 
New Haven Hospital 


Connecticut State 
Board of Health 
Connecticut State 
Board of Health 
Connecticut State 
Board of Health 
Connecticut State 
Board of Health 
Connecticut State 
Board of Health 
Connecticut State 
Board of Health 
State 
Board of Health 
Connecticut State 
Board of Health 








| a, a’, a? 


a, a’, c, d 
, 

a, a’, a*, c*, d? 

c, c* 

c, c* 


| 


a, a’, a’, c, c’, d, | 
, 
d’, d? 
a, a& 
, 

c, c’, d, d’ 


, 


c*,  coccoid 
forms 

c*, d? 

d? 

c*, d? 

No growth 

a®, c?, d? 


d, d* 


| at, 2 
| a? 
| q@? 


d? 


| ec’ (few), d? 


| d? (atypical) 


| d’, d? 


d? 
No growth 


c?, da? 


| d’, d? 


c, c’, c* 





* Cultures Hay-l and Hay-2 were derived from the original Hay culture as 
obtained from a clinical case of diphtheria. 


showed a wide variety of morphological types. 


As is indicated above, this culture 
Platings from a single colony 


yielded colonies of two types: 1, a large colony comprised of large, heavily stain- 
ing club-shaped bacilli exhibiting marked pleomorphism; 2, a minute colony in 
which small beaded bacilli predominated with but an occasional swollen cell. 
The original culture, which was made from a single colony, and the two derivative 
cultures were treated as three strains. 
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relation between diphtheria toxin, and toxin production, and the 
capacity of diphtheria strains to yield filtrable forms, a problem 
obviously suggested by the work of Hauduroy (1927) who 
succeeded in demonstrating filter-passing forms in a number of 
samples of diphtheria toxin. These organisms, derived from his 
Chamberland filtrates, possessed the morphological and bio- 
chemical characteristics of B. diphtheriae, but were lacking in 
pathogenic properties for the guinea pig, an alteration in character 
which seems to be shared by the majority of protobacterial forms. 

In order to initiate the study, pure cultures of 17 strains of 
B. diphtheriae were obtained; including 8 isolated from clinical 
material in the New Haven Hospital, 8 strains obtained from the 
Connecticut State Board of Health Laboratories, and the stand- 
ard Park-Williams No. 8 which is used in toxin production. 
That the capacity to yield filtrable forms might be in some way 
related to type was, of course, obvious; hence the types of or- 
ganism present in the original cultures were made a matter of 
record, as appears in table 1. 

For obtaining toxin production the several strains were grown, 
with repeated daily transfers, in a nutrient broth in order to 
habituate the organisms to the medium somewhat prior to the 
inoculation of the larger quantities requisite to obtaining the 
desired amount of toxin. For the latter, large erlenmeyer 
flasks were employed, thus presenting a large surface for aerobic 
growth. With the cultures which readily developed a pellicle a 
portion of this was floated upon the surface; with the strains 
where pellicle formation was restricted, sterile, thin cork dises 
were coated with agar, and these, after inoculation with the 
cultures in question, were floated upon the surface of the broth. 
In all instances growth, with pellicle formation, took place. 

In all save two instances the flasks were inoculated with known 
pure cultures of B. diphtheriae; the two exceptions being flasks 
planted with known mixed cultures, one containing the diphtheria 
bacillus (P-W No. 8) in association with a bacteriophage-suscep- 
tible strain ofthe staphylococcus, the other with the same strain 
of diphtheria organism in combination with a bacteriophage- 
resistant derivative of the same strain of staphylococcus. The 
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particular purpose in this procedure was, of course, quite outside 
of the primary purpose of the study, namely, to investigate the 
question of bacterial associations as related to the development 
of toxins and their behavior in the skin test. These problems 
have no bearing upon the matter under discussion, but are 
mentioned simply by way of explaining the reason for employing 
such mixed cultures and, as will be seen in the following discus- 
sion, it is possible that such associations may be of some sig- 
nificance in the origin of protobacterial forms. Indeed, it may 
very well be that under normal circumstances, biologic an- 
tagonisms or symbioses may be incitants of cyclic changes in the 
beings involved. 

It may be well, before presenting the results of the studies with 
these diphtheria cultures, to state that the primary object—a 
study of the toxins produced—has not been reached, consequently 
no data will here be presented bearing upon the possible relation 
between toxin and protobacterial forms. 

The broth inoculations with the diphtheria strains were made 
in the month of April, 1929. Because of circumstances it was 
impossible to prepare the necessary filtrates for testing, both for 
toxin and for protobacterial forms, as had been planned. Indeed, 
it was not until October, six months after inoculation, that they 
received attention. During the intervening period the flasks had 
remained at room temperature, carefully closed, but not sealed 
in a way to prevent evaporation, and when subjected to further 
examination the contents had in most instances been reduced 
through loss of water to a thick syrup or gum-like residue. 

To permit further study and filtration this concentrated 
material was redissolved in sterile distilled water. Of the re- 
suspended material smears and cultures, as well as filtrates, 
were made. Neither the smears nor the cultures showed evi- 
dences of contamination and, aside from the two instances 
which yielded no growth, the cultures derived corresponded in 
type fairly well, after several transplants, with the types present 
in the initial cultures inoculated. The types observed are 
recorded in table 1 in parallel with the initial types; and if such 
observations have significance it would seem that the tendency 
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for organisms of the d* type to persist or to appear in the cultures 
is the only salient feature, aside from the fact that there is an 
almost complete disappearance of the beaded and barred forms. 

In view of the known transformations from one type of mor- 
phology into another, this change from the beaded and barred 
types into the solid-staining forms is not surprising, particularly 
since organisms of this type are considered as the more sapro- 
phytic forms and thus are presumably more competent to with- 
stand adverse environmental conditions. However this may be, 
it is significant that throughout a period of six months the 
organisms remained viable in a medium constantly becoming 
more and more concentrated, and consequently exerting a greater 
and greater physical force upon the organisms present within it. 
It would seem that a degree of adaptation must have been 
brought about; and it is, of course, possible that such trans- 
formations in physical state must needs have their counterpart 
in changes in morphological structure. In contrast to this 
rather surprising viability of these cultures under such adverse 
conditions it is of interest to note that pure cultures of the initial 
strains which had been in sealed tubes of Loeffler’s medium in the 
ice-box throughout this same period failed to yield growth when 
subcultured. 

That such changes in morphology as are evidenced by the 
data presented in table 2 are not necessarily permanent is shown 
by the fact that with certain of the cultures derived from the 
medium residues a regression to the original type took place 
when. these were subjected to further cultivation under the 
ordinary conditions of bacterial growth. Thus, with certain of 
the strains which have been repeatedly transplanted the solid- 
staining character has been lost, and after a period of three months 
they present the Wesbrook morphological types indicated below. 
In the table are listed the initial types present, the types develop- 
ing from the concentrated medium upon their first cultivation, 
and the types ultimately to appear. 

With a few of the recovered cultures virulence determinations 
were made, showing that this attribute seems to bear little if 
any relation to any other discovered factor; thus, strains Co..., 
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TABLE 2 





STRAIN DESIGNATION INITIAL TYPES | TRANSITIONAL TYPES ULTIMATE TYPES 





Ce... a, a’, a? | ¢?, ecoccoid forms 2 
Ha... | a, atc, d c?, d? 

P-W. No. 8 d? 

No. 721 | ce’ (few), d? 

No. 955 | d? (atypical) 

No. 5 d’, d? 

No. 9 | d? 

No. 7 | 8, d? 

No. 2 | d’, d? 

No. c, c’, c* 





TABLE 3 





| avipence 


| VIRULENCE TOXICITY a 
ND iN N} TRS DCON DARY 
STRAIN DESIGNATION CULTURAL TYPES (CULTURE) (FILTRATE) or ny Y 





e*, coccoid 0 0 + 
forms 

c*, d? 0 +4 

d? + 

ce, d? 0 

No growth + 

at, c?, d? 

d, d? 

a?, c? 

d? 

d? 


d? 





ce’ (few), d? 
d? 

d’, d? 

d? 

No growth 
No. c*, d? 

No. d’, d? 


7 , 
No. c, c’, c* 











Ha..., P-W No. 8, No. 955, No. 9, and No. 721-10 proved to be 
avirulent, while strains No. 721, No. 720, and No. 723 were 
virulent. 

As stated above, after redissolving the medium residues and 
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making cultures from them, these residues were subjected to 
filtration. In all instances filtration was carried out with the 
Martin arrangement of apparatus, Chamberland L; candles being 
employed. Inasmuch as these candles had been used before, 
as they have since, in other filtration work without giving evidence 
of being in any way defective, there is no reason to suppose that 
the results obtained in this series are due to faulty filters or 
technic. 

The filtrates were all prepared between November 4 and 
November 8, and cultures made in broth and in deep agar im- 
mediately after the filtration failed in every instance to yield 
growth. Tests for the toxicity of the filtrates, made by the 
intracutaneous method in guinea pigs, clearly showed that 
certain of them were definitely toxic, others were not (table 3). 

Following the making of bacteriological controls, the filtrates 
were allowed to stand for periods of between two and three weeks, 
with frequent observation in order to detect the appearance of the 
faint clouding or of the fine sedimented precipitate characteristic 
of the development of secondary cultures in filtrates prepared in 
bacteriophagy experiments. In the majority of filtrates this 
evidence of growth, although stained smears showed nothing, 
appeared between November 19 and 30. In table 3 the presence 
of such a sediment, as well as the relative volume, is indicated, 
and for correlative purposes are given the morphological types 
present in the residue cultures, the virulence of these cultures, 
and the results of the intracutaneous toxicity tests. 

It is thus apparent that the development of turbidity in filtrates 
bears no direct relation to the Wesbrook type present in the 
cultures yielding such filtrates, or to cultural virulence or filtrate 
toxicity. Apparently these several factors vary independently. 

Following the technic of Hauduroy (1927) these filtrates were 
spread upon plates containing beef infusion agar of the following 
composition: 1 per cent peptone, 0.08 per cent Na,HPOQ,, and 1 
per cent lactose, with phenol red as indicator. The medium 
contained 1.5 per cent agar. In the inoculation about 0.2 cc. 
of the filtrate was used, it being spread evenly over a small area 
of the medium. The plates were incubated at 38°C., and follow- 
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ing this the area so inoculated was carefully washed off, whether 
visible change had taken place or not, with a small quantity of 
pneumococcus broth, and this material was again spread upon a 
fresh plate. This procedure was repeated at twenty-four to 
forty-eight-hour intervals, as indicated in table 4. In such 
serial inoculations the first change to take place in the medium, 
indicative of growth of any type, was the occurrence of a slight 
dulling of the otherwise shiny surface. With transmitted light 
this change was not apparent, but could be detected only by so 
holding the plate that the light struck it obliquely. In the earlier 
transfers showing such dulled areas stained smears prepared from 
the washings failed to show any organized material suggestive of 
bacterial growth, but with later transfers, as colonies developed, 
even though they were microscopic in size, smears revealed forms 
which were, unquestionably, bacteria. These morphological 
changes will be discussed later. 

The number of transfers necessary to yield the dulled surface 
was variable and seemed to bear no definite relation to the 
amount of sedimented precipitate present in the original filtrate 
used as inoculum. Table 4 states the dates of the several spread- 
ings of each of the filtrates, together with appearance of the areas 
inoculated; + indicating but a very slight dulling of the surface, 
+++-+ meaning that the dulling was pronounced, and “‘colo- 
nies’”’ meaning the appearance of microscopic colonies which, 
when stained, showed definitely formed microérganisms. 

Examination of the table shows that of the nineteen cul- 
tures carried through the serial spreadings, colony development 
took place more or less promptly with eleven. In two instances 
they appeared on the fifth transfer, in two on the sixth, in two on 
the seventh, in one on the ninth, in one on the tenth, in one on 
the eleventh, in one on the twelfth, and in one on the thirteenth. 
It is probable that colony formation would have been secured in 
other instances, perhaps, indeed, in all, had it been possible to 
continue the subculturing. This was, however, impossible, 
for the study and further cultivation of the positive cultures 
obtained involved so much technical work that it seemed wiser 
to make sure of those already recovered, rather than risk losing 
them through trying to gain growth from all filtrates. 
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These results do not indicate in any way whether the readiness 
with which colony formation is obtained is referable to strains 
which can be cultivated from the protobacterial form with 
particular ease or whether quantitative relations are significant 
here, as they are in the growth of the visible forms of bacteria 
where variations are made in the volume of the inoculum. It is 
also of significance that in some cases where the plates showing 
no dulling of the surface were allowed to stand, dulling and 
colony formation later appeared. This suggests that, had the 
intervals between transfers been greater, that is, had the plates 
































TABLE 4 
STRAIN | FIRST SECOND THIRD FOURTH FIFTH SIXTH SEVENTH EIGH" 
DESIGNATION | SPREADING | SPREADING | SPREADING SPREADING SPREADING SPREADING SPREADING SPREAD 
a 11.19 0O 11.21 0 11.25 + 11.26 0 11.27 0 11.29 0 12.2 * 12.3 
Ha... } 11.19 + 11.20 0 11.25 0 11.26 0 11.27 0 11.29 0 12.2 0 12.3 
a 11.30 0 | 12.2 0 12.3 * 12.4 0 12.7 0 12.9 0 12.10 oa 12.14 
En... }11.26 + {11.27 = 11.29 0 12.4 0 12.7 + 12.11 ++++/ 12.14 0 12.17 
Pa... }11.21 O | 11.25 ++ | 11.26 ++ | 11.29 ++++4/ 12.2 colonies 
Hay... } 11.19 O 11.21 0 11.25 0 11.26 0 11.27 * 11.29 > 12.2 0 12.3 
Hay-1... } 11.19 + | 11.20 0 11.25 0 11.26 0 11.27 0 11.29 + 12.2 colonies 
Hay-2... 11.19 + {11.21 0O 11.25 ++++| 11.26 ++++/| 11.27 ++++/ 11.29 colonies 
P-W No.8 11.19 O 11.21 0 11.25 0 11.2% ++ 11.27 +++ | 11.29 colonies 
P-W No. 8+ RS8t. | 11.21 0O 11.2% ++ | 11.6 ++ 11.27 ++ 11.29 ++ 12.2 0 12.3 0 124 
P-W No. 8 + 8 St. } 11.19 * | 11.21 0 11.25 0 11.2% + 11.27 colonies 
No. 721 11.19 O [11.2 11.2% ++ | 11.27 + 11.27 0 11.29 0 12.2 0 12.4 
No. 955 11.19 O | 11.21 O 11.25 ++ | 11.26 +++ | 11.27 + 11.29 ++ 12.2 colonies 
No. 5 11.19 60 11.21 0 11.2% ++ 11.2% ++ 11.27 + 11.29 0 12.2 0 12.3 
No. 9 11.19 0 11.21 0 11.23 ++ 11.2% ++ 11.27 + 11.29 0 12.2 * 12.3 
No. 959 11.19 «0 11.21 0 11.25 0 11.26 0 11.29 0 12.2 0 12.4 0 12.7 
No. 720 lwo = 11.21 . 11.25 0 11.26 0 11.27 0 11.29 0 12.2 0 12.3 
No. 723 11.21 0O 11.2% ++ '11.2% ++ 11.27 0 11.29 0 12.2 0 12.3 0 12.4 
No. 721-10 11.19 60 11.21 0 11.25 0 11.26 0 11.27 0 11.29 0 12.2 - 12.3 








been held longer before washing, 
possibly have been encountered in 
transfers. 

A correlation of the positive cultures with the other char- 
acteristics of the strains shows that the tendency to yield proto- 
bacterial forms such as can be cultivated agrees most closely 
with the tendency of the filtrates to develop a sedimented precipi- 
tate upon standing. Even here the correlation is not complete, 
but agreement between these two characters is far more consistent 
than between colony formation and filtrate toxicity, derived 


colony appearance might 
some of the earlier serial 
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morphologic type or original morphologic form. But three of the 
five filtrates which showed toxicity yielded colonies, and in these 
growth was not particularly prompt. 

The behavior of the Hay... cultures and of the Park-Williams 
No. 8 mixtures is of interest, but possibly of no great significance. 
The original Hay... culture showed no filtrate precipitate and 
failed to dull the surface of the medium or yield colonies, while 
of the two derivative strains, Hay-1 and Hay-2, both gave a 
moderate amount of filtrate precipitate and both yielded colonies, 
Hay-1 (the large colony, club-shaped bacillus strain) on the 

















TABLE 4 
[NTH EIGHTH NINTH TENTH ELEVENTH TWELFTH THIRTEENTH FOURTEENTH FIFTEENTH 
ADING SPREADING SPREADING SPREADING SPREADING SPREADING SPREADING SPREADING SPREADING 
* 12.3 0 12.7 0 12.9 0 12.11 0 12.14 0 12.17 0 12.19 0 
0 12.3 0 12.4 ++ 12.7 0 12.9 ++ 12.10 0 12.14 0 12.17 0 
+ 12.14 0 12.17 colonies 
0 12.17 0 12.26 0 1.6 colonies 
0 12.3 12.4 0 12.7 0 12.9 0 12.10 0 12.14 0 12.17 0 
colo nies 
0 124 0 12.7 0 12.9 0 12.11 0 12.14 0 
0 12.4 ++ 12.9 0 12.9 0 12.11 0 
polonies 
0 12.3 0 12.4 ++ 12.7 +++ | 12.9 +++ | 12.11 colonies 
- 12.3 0 12.4 0 12.7 0 12.9 0 
0 12.7 0 12.9 0 12.11 0 12.13 0 12.14 0 12.17 0 12.19 0 12.26 0 
0 12.3 0 12.4 * 12.7 0 12.9 0 12.11 * 12.17 colonies 
0 12.4 0 12.7 0 12.9 0 12.14 colonies (colonies later developed on the 12.9 plate) 
on 12.3 12.4 ++ 12.7 0 12.9 ++ | 12.17 0 | 12.26 0 | 




















seventh passage, and Hay-2 (the minute colony composed of 
beaded bacilli) on the sixth spreading. The colonies made their 
appearance suddenly in the case of Hay-1, whereas with Hay-2 a 
marked clouding of the surface had been evident from the third 
passage. 

In the case of the Park-Williams strain, a race of diphtheria 
bacilli well known to be lacking in virulence, but of high toxigenic 
power, colonies devéloped on the sixth transfer. The results with 
this strain grown in association with staphylococci of the bac- 
teriophage-susceptible and bacteriophage-resistant varieties were 
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clearly different. Such variations in behavior as those associated 
with these cultures may very well have been quite accidental. 
The only statement that can be made with any assurance is that 
with eleven out of nineteen filtrates cultures have been recovered 
which may very well represent development from protobacterial 
forms of B. diphtheriae. The causes and mechanisms leading to 
this result are obscure. 

Study of the characteristics of the organisms ultimately 
developing from the filtrates involves a consideration of their 
morphology, their colony type and pigmentation, and their 
biochemical activities. Serological studies upon these strains 
have not yet been completed. 

As stated above, the development of colony formation upon the 
plates is usually preceded by a progressive dulling of the surface 
of the medium throughout the successive transfers. Smear 
preparations from such dulled areas fail uniformly to show bodies 
having a recognizable morphology. The stainable amorphous 
material may present an occasional Gram-positive granule more 
deeply stained than the surrounding mass which is Gram- 
negative, but these granules possess no distinctive characteristics 
and they may or may not represent the precursors of the organ- 
isms later to develop. With approaching colony formation on 
the plates, the smears first show large, diffuse, fairly round bodies, 
usually about 4, in diameter; and somewhat later these tend to 
give place to an abundance of granules, definitely coccoid in 
form, and often appearing in pairs, or they may be supplanted 
by clearly defined, large, clumsy rod-shaped structures. The 
latter exhibit a marked degree of pleomorphism and extreme 
variation in size. Swollen club-shaped forms predominate, and, 
as colony development on the plates progresses, these rods may 
in turn give way to the development of bacillary forms which 
morphologically can not be differentiated from certain types of 
B. diphtheriae or from the diphtheroids. They are Gram- 
positive, and not acid-fast, and when suitably stained they may 
or may not show metachromatic granules. 

In the development of the colonies upon the plates a progressive 
increase in the size of the colony and luxuriance of the growth 
becomes apparent with the first few transfers. The initial colony 
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to appear is microscopic in size, smooth in character, flat, even in 
contour, transparent, and dull. With subculturing, growth 
becomes more and more luxuriant and pigmentation of the 
colony may become an outstanding characteristic, together with 
the assuming of a markedly mucoid character. These characters 
resemble closely those so commonly attributed to certain varieties 
of the diphtheroids, and are not unlike the pigmented strains of 
diphtheria described by Barratt (1924-5). 

The organisms composing the final, derived cultures exhibit a 
wide degree of morphology, with, in almost all instances, an 
admixture of coccus-like forms and rod-shaped bacilli. A tabula- 
tion of the records made with reference to each of the derived 
strains shows the following: 


Strain Tr... Colonies white and transparent. Organisms gran- 
ular and coccoid, with solid staining rods. Colonies appeared 
on ninth passage. 

Strain En... Colonies minute, white. Organisms small cocci, 
irregular in size, diplococci, rods. Colonies appeared on 
ninth passage. 

Strain Pa... Colonies yellow-white, growth scanty. Organisms 
irregularly-shaped coarse rods, solid-staining, and occasional 
diplococci. Colonies appeared on fifth passage. 

Strain Hay-1... Colonies yellow-orange. Organisms granules, 
cocci, and cocco-bacilli. Colonies appeared on seventh 
passage. 

Strain Hay-2... Colonies white, with small daughter colonies 
orange in color superimposed upon the white growth in older 
cultures. Organisms, granules and cocci, large rods, with 
swollen ends, containing granules. Colonies appeared on 
sixth passage. 

Park-Williams No. 8... Colonies yellow and mucoid (apparently 
identical with those recovered from the broth culture after 
standing). Organisms very small and faintly staining rods in 
the first passages, later of the typical d* type. Colonies 
appeared on sixth passage. 

Park-Williams No. 8 in combination with bacteriophage-resistant 
staphylococci. Colonies yellow and mucoid. Organisms small 
rods at first, later larger and of the d* type. Colonies appeared 


on fifth passage. 
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Strain No. 955... Colonies white or gray; almost transparent. 
Organisms coccoid, large, irregularly-shaped rods. Colonies 
appeared on seventh passage. 

Strain No. 5... Colonies yellow and mucoid. Organisms cocci 
and rods with granules. Colonies appeared on twelfth passage. 

Strain No. 720... Colonies small, transparent. Organisms heavy 
club-shaped rods. Colonies appeared on thirteenth passage. 

Strain No. 723... Colonies very minute, non-pigmented. This 
growth appeared on the plate of the eleventh passage after it 
had been inoculated for two weeks. Subcutures failed to 
grow. Organisms small wedge-shaped rods and diplococci. 


It is difficult to detect any direct connection between the final 
type of colony and the morphology of the organisms composing 
it, and the nature of the initial cultures or of the cultures recovered 
from the residues; nor does there seem to be any relation between 
the readiness with which growth was obtained and the type of 
organism present. 

None of the cultures recovered from the filtrates possess viru- 
lence. This finding is, of course quite in accord with the results 
of most observers who have regained cultures from protobacterial 
forms. The serological and antigenic behavior of these derivative 
cultures, as well as of the stages intermediary between the 
protobacterial form and the final form, remain to be determined. 

It may be unwise to mention the fermentative reactions 
exhibited by the cultures recovered from the filtrates, for if 
bacteriologic experience indicates anything it shows that fer- 
mentation characters are most unstable; that in dissociative 
phenomena the derivative strains may possess attributes quite 
unlike those exhibited by the parent strain. Thus, without 
placing emphasis upon this point, the activities of nine of the 
diverse strains recovered from the protobacterial forms upon a 
few of the more common carbohydrates are here recorded (table 
5). 

Whatever significance these results may have, it appears that 
three types of organism were derived; three strains corresponding 
to B. diphtheriae in so far as glucose and dextrin fermentation is 
concerned: 5 strains corresponding to B. hoffmanii, and one 





PROTOBACTERIAL FORMS OF B. DIPHTHERIAE 39 


strain, which, because of its ability to ferment lactose, may 
perhaps belong to the enzymicus group. More important than 
allocation to groups, however, is the fact that derivatives from 
the protobacterial forms show different attributes; indicating 
that such a transformation in state offers further means for 
variability rather than a mechanism for regaining or re-establish- 
ing a fixed type. 

It is impossible to consider the development of the diphtheroid 
forms from filtrates of cultures, which by all ordinary criteria 
must be classed as diphtheria (it may be remarked, that every 
culture used in this series was designated as B. diphtheriae by 
some other laboratory before it reached our hands) without 
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recalling the work of Mellon (1917) upon this group, and the 
more recent work of Walker (1929), and of Ramsin (1926), 
Hauduroy (1927), and others. The frequency with which 
organisms of this type appear, whatever may have been the 
nature of the original culture type under study, suggests that the 
diphtheroids represent a developmental stage in the cyclogeny 
of many bacterial species rather than a species sui generis. This 
suggestion has already been made by Koch and Mellon (1930) 
and the results here reported merely add to the evidence already 
accumulated. 


CONCLUSIONS 


From broth cultures of B. diphtheriae which have undergone 
aging, with loss in water through evaporation, filtrates may be 
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obtained which upon serial transfers yield visible growth. From 
eleven out of nineteen such cultures positive results have been 
obtained. 

The morphological types of the organisms ultimately to 
develop include forms which can not be differentiated from bacilli 
of the diphtheroid group. 

In the development of visible forms of bacteria from the proto- 
bacterial forms, a more or less constant sequence of morphologic 
types obtains: a granular stage, followed by the appearance of 
giant cocci which are replaced by micro- and diplococci, and 
ultimately by pleomorphic bacillary forms. 

The readiness with which such protobacterial forms develop 
can not, at present, be correlated with any attribute of the 
organisms subjected to test. 
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The differences in protease producing power observed in the 
same microérganism under different cultural conditions have led 
to the conception that the culture medium must supply some 
essential material for the elaboration of the enzyme, apart from 
those necessary for the ordinary metabolic processes of the bac- 
terial cell. With one exception emphasis has been laid upon the 
part played by the nitrogen constituents of the medium, the 
general conclusion of many workers being that without organic 
nitrogen growth is possible, but not protease formation. Fermi 
in his early work on bacterial proteases found only two organ- 
isms, B. prodigiosus and B. pyocyaneus, that produced protease 
when grown in a synthetic medium with an inorganic source of 
nitrogen. Drummond (1914) concluded that protease could be 
derived from nothing less complex than a peptone and hypo- 
thesized the formation of a preliminary compound of enzyme 
and peptone which attacked the protein, setting free pep- 
tone which could then activate the enzyme for further pro- 
tein-splitting. Jordan (1906) found that asparagin made a 
suitable culture medium for protease production. Diehl (1919) 
also concluded that simple protein cleavage-products, such as 
amino-acids, were satisfactory sources of nitrogen for protease 
formation, but added the very attractive theory of a specificity 
of proteases for the amino-acid nuclei of proteins. He found for 
example that a gelatinase but no caseinase was produced in cul- 
ture upon glycocoll, of which gelatin has a high content, whereas 
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the reverse held for cultures upon tyrosine which is abundant in 
casein but lacking in gelatin. The writer has been unable to con- 
firm this specificity of protease in cultures of B. subtilis in glyco- 
coll and in alanin. Neither Drummond nor Diehl were able to 
demonstrate protease in cultures on a synthetic medium contain- 
ing inorganic nitrogen, in spite of good growth. 

Waksman (1918) reported protease production by some of the 
higher fungi in a nitrate-sucrose medium. Merrill and Clark 
(1928) have also found that inorganic nitrogen suffices for the 
production of protease. Their work, however, removes the 
emphasis from the nitrogen constituents of the medium and places 
it upon the salt content. They find that B. proteus-vulgaris grown 
in a buffered medium of inorganic nitrogen with glucose, glycerol 
or a lactate as a source of carbon, will produce only traces of gela- 
tinase unless there is added to the medium a salt of calcium or of 
magnesium. If both calcium and magnesium are added, the 
gelatinolytic capacity of the culture increases still more, an in- 
crease which is apparently due to an effect independent of any 
growth stimulating effect of the combined ions. 

Indirectly, the need for an active nitrogen metabolism in pro- 
tease formation is assumed in the considerable discussion that 
has centered about the effect upon protease production of an 
alternative source of carbon in the culture medium. From studies 
of the nitrogen metabolism of various bacteria in conjunction 
with examinations for the presence of protease, Kendall and his 
coworkers have concluded that the delayed formation or com- 
plete absence of protease which they found in cultures in a pro- 
tein medium to which had been added a fermentable sugar is to 
be explained on the basis of a “‘protein-sparing”’ action of carbo- 
hydrate, comparable to that found in mammalian metabolism. 
Jones has confirmed the finding that a fermentable carbohydrate 
delays or inhibits protease formation. 'Waksman, however, finds 
that for Aspergillus niger this does not hold true, as protease is 
formed as well in a glucose-peptone medium as in plain peptone. 
Merrill and Clark also report several instances of ‘‘active” pro- 
tease production by B. proteus-vulgaris in a 2 per cent glucose- 
peptone medium. The studies of Jordan include instances of 
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increased gelatinase production upon the addition to an asparagin 
medium of lactose and glycerol. 

Raistrick and Clark studied the effect of an alternative source 
of carbon upon the nitrogen metabolism of B. coli and found that 
the utilization of nitrogen in the presence of a second source of 
carbon, glycerol, was increased rather than decreased. Similar 
studies by Rettger and his associates of the proteolytic bacteria 
have also demonstrated that in suitably buffered peptone media 
the addition of glucose aids in the utilization of nitrogen. But it 
is not shown in their papers that a soluble proteolytic enzyme can 
be demonstrated as readily in a glucose-containing as in a plain 
peptone medium. Experiments to be discussed below show that 
the presence of an alternative source of carbon in protein medium, 
or in a synthetic medium containing the ammonium salt of an 
organic acid as the source of nitrogen, does not interfere with 
protease formation. 

Growth as the deciding factor in protease production has had 
but one advocate. Malfitano (1890) studied the proteolytic 
behavior of cultures of Aspergillus niger in relation to the stages 
of fungus growth, and found a direct relation between the develop- 
ment of the organism and enzyme production, which attained 
its maximum with the complete maturing of the fungus. Merrill 
and Clark, however, in their recent study of the gelatinase of 
B. proteus-vulgaris, reach the opposite conclusion, that growth, as 
evidenced by bacterial numbers, does not account for very sig- 
nificant differences in protease production which accompany 
variations in the salt content of the medium or in the oxygen 
available to the growing bacteria. It is their conclusion there- 
fore that another factor, in the medium itself, is concerned with 
enzyme production. 


PRESENT STUDY 


The present study was begun as an investigation of protease 
production by B. subtilis, in the ordinary media, and in synthetic 
media, containing inorganic nitrogen and various carbon com- 
pounds. An investigation of B. pyocyaneus (Pseudomonas aeru- 
ginosa) was later undertaken because of conclusions reached as 





44 ELIZABETH D. WILSON 


to the relation of growth to protease production which necessi- 
tated the study of the number of viable bacteria in the cultures, 
and this could not be undertaken with a spore-bearing organism 
like B. subtilis. 

A stock laboratory strain of B. subtilis was used, obtained from 
the Cambridge Biochemical Laboratory. 

The following culture media was used: 


(1) Tryptic broth 

(2) 1 per cent gelatin in inorganic medium 

(3) 1 per cent Witte’s peptone in inorganic medium 

(4) 1 per cent Witte’s peptone in glucose inorganic medium 

(5) 1 per cent lactic acid (as neutral salt) in inorganic medium 
(6) 1 per cent glycerol in inorganic medium 

(7) 1 per cent acetic acid (as neutral salt) in inorganic medium 
(8) 1 per cent citric acid (as neutral salt) in inorganic medium 
(9) 1 per cent tartaric acid (as neutral salt) in inorganic medium 
(10) 0.1 tyrosine in an inorganic medium 
(11) 1 per cent alanin in inorganic medium 
(12) 1 per cent glucose in inorganic medium 


The inorganic medium consisted of 


Dibasic ammonium phosphate 
Acid potassium phosphate 
Sodium chloride 

Magnesium sulphate 

Iron (as chlorid) 


A stock solution equal to six times these values was made and 
diluted as needed. 

The inorganic medium used with tyrosine contained no am- 
monium salt. 

For the preparation of the lactate inorganic medium, an excess 
of its gram equivalent of sodium hydroxide was added to a 
weighed amount of pure lactic acid, and the solution, made up 
to a known volume with water, was heated in the autoclave at 
15 pounds steam pressure for twenty minutes to hydrolyze the 
lactone. It was then brought to a pH of 7.4 with hydrochloric 
acid, using phenol red as an external indicator, and sufficient 
distilled water was added to make the final concentration of lactic 
acid 20 per cent. Stock 20 per cent solutions of acetate, tar- 
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trate and citrate were prepared by neutralizing known amounts 
of the acids with sodium hydroxide and making up to volume 
directly. 

The broth, gelatin and peptone media were adjusted to a pH of 
7.4 before sterilization in the autoclave to give a final pH of 7.2. 
It was found that for the synthetic media a pre-sterilization pH 
of 7.6 was needed to bring the final pH to 7.2. 

Glucose in 20 per cent solution was sterilized separately and 
added at the time of making the cultures. 

The cultures were made in 150 cc. of medium in Roux flasks of 
one litre capacity to provide ample surface for growth. 

Cultures to be examined were first centrifuged. The super- 
natant liquid was adjusted to a pH of 7.4 and filtered through a 
Seitz asbestos filter. All apparatus was sterilized before use for 
twenty minutes at 115 pounds steam pressure. Cultures made 
from the filtrates were sterile. 

Gelatin and casein solutions for testing the proteolytic activity 
of the filtrates were made as follows: Commercial gelatin to 
make a 5 per cent solution was dissolved, by heating in a water 
bath at 60°C. in phosphate buffer, pH 7.4, and 10 per cent alco- 
holic solution of thymol was added to make a concentration of 
0.1 per cent. The gelatin was tubed in 5 cc. lots. Merck’s 
casein to make a 1 per cent solution was dissolved by gentle 
rotation in buffered 0.9 per cent solution of sodium chloride. 
Thymol was added, as above, as a preservative. This consti- 
tuted the stock casein solution. For use, the stock solution was 
diluted with buffered salt solution until a solution was obtained 
which, when further diluted to allow for the maximum amount of 
filtrate to be added, became opalescent when acidified with 0.2 
ec. of 15 per cent acetic acid in 45 per cent alcohol (Diehl). The 
diluted casein was adjusted to a pH of 7.4 and was also tubed in 
5 ec. lots. 

The sterile filtrates were transferred to the test solutions in the 
following amounts, 0.2, 0.5, 1.0 and 2.0 ce. Control tubes con- 
tained 2.0 ce. of filtrate, but these tubes were plunged for five 
minutes into boiling water before being incubated. The tubes were 
incubated for 18 hours at 37°C. For examination, the gelatin 
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tubes were plunged into ice water for twenty minutes. Failure 
of the gelatin to harden was considered evidence of proteolysis. 
Casein digestion was indicated if no opalescence occurred after 
addition of 0.2 cc. of the acid alcohol solution. In the protocols 
of the experiments readings were made as follows, 0000 (control) 
indicated no digestion, and +++ +, complete digestion. 


MEDIA CONTAINING ORGANIC NITROGEN 


Cultures were made upon three types of organic media. Two 
flasks of each type were used. Growth was rapid in all. One set 
was examined in four days and one in ten days. An active pro- 
tease was found in all of the cultures. 


SYNTHETIC MEDIA 


For testing enzyme production in synthetic media, the organism 
was first sown in a lactate inorganic medium from a twenty-four 
hour tryptic broth-agar slant. It was subcultured twice into 
lactate inorganic medium before being inoculated into its final 
medium. 

Lactate inorganic medium. Growth was noticeably slower in 
lactate inorganic medium than in tryptic broth, gelatin or peptone. 
A gelatin liquefying enzyme had appeared in three days. In four 
days an enzyme was present which was very active in the lique- 
faction of gelatin and feebly active for casein. The filtrate of 
the seven-day culture was very active for both proteins. 

Glycerol inorganic medium. In glycerol the organism grew 
very rapidly. Four-day cultures were proteolytic, six-day cul- 
tures slightly more active. 

Acetate, citrate and tartrate inorganic media. B. subtilis grew 
in none of these media. A very slight growth appeared in the 
acetate-inorganic flasks, but came to an apparent standstill after 
the second day. The hydrogen ion concentration of the media 
remained unchanged. Cultures made with added calcium car- 
bonate to neutralize any acid which might be inhibiting growth 
likewise showed no growth. It was not surprising, therefore, that 
filtrates from the flasks showed no proteolytic activity whatever. 

Glucose-inorganic medium. Growth in this medium was more 
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rapid than in lactate or glycerol and a protease could be demon- 
strated in cultures after three days. As glucose was the only 
source of carbon in this medium the ability of B. subtilis to use 
this sugar is assumed. 


AMINO ACIDS 


Cultures in tyrosine grew very little. Examined in eight days 
there was a change of pH to the alkaline side showing some utili- 
zation of the amino acid. Casein was very feebly attacked by 
filtrates of these cultures, but gelatin was perfectly liquefied in 
three tubes. 

Cultures in alanin gave slightly more vigorous growth and a 
more active enzyme. 


PROTEASE PRODUCTION IN THE PRESENCE OF AN ALTERNATE 
SOURCE OF CARBON 


Cultures were made in Peptone (Witte) Inorganic Medium 
to which was added sterile 20 per cent glucose to make a final 
concentration of 1 per cent. Growth was poor in this medium. 
In four days the pH was neutral (7.0) and Fehling’s solution was 
reduced. A gelatinase was present in the tube containing 0.5 
cc. of filtrate and a caseinase in the tube containing 0.2 ce. 

Comparison was also made of gelatinase production in a 1 
per cent Difco peptone-1 per cent gelatin-inorganic medium and 
in the same medium to which was added glucose to make a con- 
centration of 2 per cent. In three days the cultures were ex- 
amined. Initial growth was more vigorous in all these flasks 
than in the Witte peptone. The pH was 8+ in the plain pep- 
tone-gelatin and 6.0 in the glucose peptone-gelatin. Copper 
was reduced by the latter culture. Gelatinase was present in 
both. 

Gelatinase production was also demonstrated in a glucose- 
tryptic broth culture. The original glucose content of the me- 
dium was 2.53 per cent. In eighteen hours an active gelatinase 
was present and the glucose content of the medium was 0.66 
percent. This finding, together with the evidence of growth and 
protease production upon synthetic medium in which glucose 
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was the only source of carbon, removes any doubt of the ability of 
B. subtilis to utilize glucose or to produce protease while actively 
fermenting glucose. 

From these experiments certain tentative conclusions were 
drawn: 

1. It appeared in the first place that a fairly vigorous growth 
must take place before a proteolytic enzyme is demonstrable. 
This would explain the appearance of protease in younger cul- 
tures in the protein media than in synthetic media in which the 
lag period is greater, and its decrease or complete absence in 
media in which growth is very poor or is altogether inhibited. 

2. A protease can be elaborated by B. subtilis in the absence of 
organic nitrogen. 

3. The hypothesis of Diehl concerning the specificity of pro- 
tease for amino-acids is not confirmed. 

4. The addition of a fermentable sugar in a concentration of 1 
or 2 per cent does not appear to affect protease formation by 
B. subtilis, although active utilization of glucose can be demon- 
strated. 

The study of a second proteolytic organism, B. pyocyaneus 
(Pseudomonas aeruginosa) was then undertaken in order to ob- 
serve the number of viable bacteria in relation to the proteolytic 
activity of the cultures. It was desired to study also B. proteus- 
vulgaris, but, of several strains examined, none were found to 
grow readily in synthetic media and the study was therefore 
confined to B. pyocyaneus. Two strains of this organism have 
been studied,—B. pyocyaneus 254, from the Collection of Type 
Cultures, Lister Institute, London, and B. pyocyaneus T., iso- 
lated from a case at the Philadelphia General Hospital. 

Several changes of procedure were adopted. The amount of 
enzyme present was determined by observing the time required 
to bring about proteolytic change, that is for the liquefaction of 
gelatin or for rendering casein acid-soluble. Liquefaction of 
gelatin within one-half hour was designated as ‘“‘very good,’’ within 
four hours “good,” and within twenty-four hours “fair.’”’ In- 
complete liquefaction, but a noticeable increase in the hardening 
time over that of a control gelatin solution containing no enzyme, 
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was designated as a “trace” of gelatinase. The same principle 
was applied to the determination of proteoly <ic action upon casein 
A 6.5 per cent Difco gelatin in slightly buffered water and pre- 
served with 0.5 per cent phenol was accordingly prepared for 
each set of tests. To 20 cc. of this solution were added 5 cc. of 
the culture to be tested. This was incubated at 37.5°C. Two- 
cubic-centimeter samples were withdrawn at intervals and ad- 
justed to a pH of 6.2 with n/20 hydrochloric acid. The tubes 
were then plunged into ice water and the time required for the 
gelatin to harden counted in minutes. The control setting time 
was determined on a tube of 5 per cent gelatin at pH 6.2. The 
method was modified from that of Clark for determining the 
activity coefficient of protease solutions. 

Casein was prepared as outlined above, Pfanstiehl’s casein 
being substituted for the Merck preparation, and 0.5 per cent 
phenol being used as a preservative. Twenty cubic centimeters 
of the dilute casein were incubated with 5 cc. of the bacteria 
free filtrate. 

It was found that the optimum pH of B. pyocyaneus proteus for 
gelatin was about 7.4, while that for casein was more on the alka- 
line side, about 7.8 to 8.2. This follows the findings of Northrop 
in relation to variation of optimum pH with substrate. 

The gelatin-enzyme mixtures were therefore incubated at a pH 
of 7.4 and the casein enzyme mixtures at a pH of 8.0. 

Viable counts were made by Wilson’s modification of the 
Esmarch roll-tube method. 


GROWTH AND PROTEASE PRODUCTION BY B. PYOCYANEUS (PSEUDO- 
MONAS AERUGINOSA) IN PROTEIN MEDIA 


Gelatinase production was first studied in tryptic broth. 
40,000,000 organisms of a three-hour culture of B. pyocyaneus T. 
in tryptic broth were inoculated into 100 cc. of tryptic broth 
(pH 7.2) in a 1000 ec. Roux flask and incubated at 37.5°C. In 
eighteen hours the viable count had risen to 1,750,000,000 and 
the inactivated culture liquefied gelatin after 11 minutes incuba- 
tion. Two similar cultures of B. pyocyaneus 254 were made. 
The initial number of bacteria in one was very small and maximum 
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growth was therefore not reached in twenty-four hours. In 
forty-eight hours the number of viable bacteria exceeded 1,000,- 
000,000 per cubic centimeter and a very active enzyme for both 
gelatin and casein was present. Further experiments on growth 
in tryptic broth, peptone media and peptone-gelatin media, are 
reported below in connection with experiments on the effect of 
added carbon compounds upon protease production. 

Protease production was studied in protein media to which 
was added glucose in concentrations of 0.5, 1.0 and 2.0 per cent. 
Table 1 summarizes the gelatinase production in a medium of 
peptone made as follows: 


One hundred cubic centimeters of this medium in Roux flasks 
of 1000 ec. capacity (pH 4) were sterilized in the autoclave. One 
flask served as a control and to the three others were added 20 
per cent glucose solution, sterilized by passage through the Seitz 
filter, in amount sufficient to make the desired concentration. 
At the same time a similar set of flasks containing one per cent 
Difco peptone in 0.2 per cent saline without added buffer or 
salts was prepared. These are designated as peptone unbuffered 
and. peptone buffered. 

Initial growth was poor in all, except the buffered 1 per cent 
glucose peptone. The latter was the only culture in which gela- 
tinase activity was Good. The cultures in the glucose-containing 
media were all more proteolytic than those in the plain peptone. 
The buffered cultures showed slightly greater initial growth than 
the unbuffered, but neither showed vigorous growth in the first 
twenty-four hours. 

The experiment was repeated with another strain of the organ- 
ism, using tryptic broth as the protein medium. The results are 
summarized in table 2. A Very Good gelatinase and caseinase 
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TABLE 1 
Gelatinase production by Pseudomonas pyocyaneus T. in peptone media with added 





: vaste | GELATI- 
i : | 
MEDIUM pH ORGANISMS! —NASE 





millions 
| per cu. cm. 


172.5 Trace 
12.5 | Trace 


ES SIRE ey ON ee ep 
| | | 
Unbuffered peptone with glucose 0.5 per || | 166.2 Trace 
| 138 | Fair 
Buffered peptone with glucose 0.5 per (| | 171.2 | Trace 
Fair 


Trace 
Fair 


Trace 
Good 


Trace 
Fair 








| Trace 
| Fair 





TABLE 2 
Gelatinase production by Pseudomonas pyocyaneus 254 in tryptic broth with in- 
creasing concentrations of glucose 





REDUC- VIABLE | 
MEDIUM AGE TION ORGAN- GELATINASE CASEINASE 
COPPER IsMsS 





millions 
per cu.cm. 


650 Fair 
1.900} Very good) Very good 


hours 


Plain tryptic broth rs 


oo 


105 Fair 
600 Fair None 
10 Very good) Very good 


18 
1 percent glucose tryptic broth. .<| 42 
66 


12.5 | None 


24 
48 110 Fair Fair 


2 per cent glucose tryptic broth. . 








98 None 
740 | Very good) Very good 


2 per cent glucose tryptic broth 24 
CaCO, 0.025 per cent | 48 











++ ++ +44 
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were found in all the cultures, except one, that in 2 per cent plain 
glucose-tryptic broth. Growth was poor in this medium. The 
very act ve protease in 2 per cent glucose broth to which was added 
0.025 gram of calcium carbonate would indicate that the fermen- 
tation of glucose could not of itself account for the less active 
enzyme. 


GROWTH AND PROTEASE PRODUCTION IN SYNTHETIC MEDIA 


Synthetic Medium I contained dibasic ammonium phosphate 
(9.5 per cent), monobasic potassium phosphate (0.1 per cent) and 
sodium chloride (0.1 per cent) as in the inorganic medium de- 
scribed above. Glucose in 0.025 per cent concentration was used 
as a source of carbon. The glucose was sterilized by passage 
through the Seitz filter and was added with a sterile pipette at 
the time of making the cultures. Salts of magnesium, calcium 
and iron were added in the amounts indicated in table 3, so that 
a series of cultures in a medium having the same basic constitu- 
ents, but varied as to its salt content could be observed for rate 
of growth and for protease production. The cultures were made 
in Roux flasks of 1-liter capacity, each containing 100 cc. of the 
medium at pH 7.2. Only a trace of gelatinase was found in the 
flask containing the basis medium, and in that containing only a 
trace of iron in addition to the basic medium. Growth was poor 
in both these flasks. Growth was slightly better and a fair en- 
zyme production was attained in the flask in which magnesium 
sulphate was added to the iron. “Good” enzyme production 
was observed in the flasks containing magnesium, and calcium 
both alone and in combination, but no significant differences of 
growth or protease production were observed in this set of cul- 
tures between the cultures in magnesium alone, calcium alone or 
the two in combination. 

A second synthetic medium was prepared as above, but sodium 
lactate (1 per cent) and glycerol (0.5 per cent) were substituted 
for the glucose as sources of carbon. Magnesium sulphate and 
calcium carbonate were added as indicated in table 4. In this 
series of cultures two concentrations of each salt were used, so 
that any variation in growth or protease production due to varia- 
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tion in salt concentration might be observed. The difference in 
both growth and protease production in the flasks containing 
magnesium sulphate is very striking. In the concentrations of 
calcium carbonate, on the other hand, neither growth nor pro- 
tease production equalled those observed in the first series, when 


TABLE 3 


Gelatinase production by Pseudomonas pyocyaneus T. in synthetic medium I with 
varying salt additions 





VIABLE GELATI- 
SALT ADDED, CONCENTRATION ORGANISMS N 





millions 
per cu.cm. | 


58.3 | None 
125.0 Trace 
72.5 | Trace 


257.0 Fair 
MgS0O* 0.025 per cent 530.0 | Good 
185.0 Good 
420.0 Fair 


CaCO; 0.025 per cent 601.0 Good 
92.5 Good 





392.0 Fair 
467.0 | Good 
146.3 | Good 


99 Trace 
225 Trace 


390 | Pair 
267.4 | Fair 
270 ~«2O|séF air 
360 | Good 
132.5 | Good 











a concentration of calcium carbonate, intermediate between those 
in this series, was used. It will be noted that, both in bacterial 
numbers and in the amount of enzyme present, all the cultures of 
this series containing magnesium equalled the cultures in tryptic 
broth. 
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TABLE 4 
Protease production by Pseudomonas pyocyaneus 254 in synthetic medium 2 with 
varying concentrations of magnesium and calcium 





VIABLE 
ADDED 8ALT pH ORGANISMS GELATINASE CASEINASE 





millions 
per cu. cm, 
BL o visa els walckcienaWee tkde kek 75 None None 
MgS0Q, 0.0125 per cent ; 715 Very good | Good 
MgSO, 0.05 per cent ' 307.7 | Fair Fair 
CaCO; 0.0125 per cent : 206 Fair Trace 
CaCO, 0.05 per cent............... 176 Fair None 
MgS0O,0.0125 per cent, CaCO; 0.0125 
1,145 Very good | Good 














Very good | Very good 





TABLE 5 
Comparison of protease production in duplicate cultures of Pseudomonas pyocy- 
aneus 254 in synthetic medium 2 with magnesium alone and 
magnesium and calcium combined 





. VIABLE GELATI- } 
CONCENTRATION OF ADDED SALT | AGE ORGANISMS NASE CABEINASE 


| millions 





Fah ARUP LENIN I asa Wy ATES a YE Ue oe” ener 


per cu.cm. 
159 Trace 
511 Fair 
619 Good 
217 Good 


MgSO, 0.025 per cent 


166.8 Trace 
549 Fair 

292 Good 
190 Good 


MgSO, 0.025 per cent 





133.8 Trace 
768 Good 
610 Good 
326 Good 


MgSO, 0.025 per cent, CaCO; 0.025 per 


&SNe8 BSER BVERB 


86.6 Trace 
797 Good 
590 Good 
432 Good 
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Cultures of the same strain of B. pyocyaneus in synthetic me- 
dium 2 to which were added magnesium sulphate and calcium car- 
bonate, in a concentration of 0.025 per cent as used in cultures of 
B. pyocyaneus T. (see table 3) were next studied (table 5). The 
results were comparable with those for B. pyocyaneus T. in the 
same salt concentrations, and could be duplicated. 

From the foregoing it is obvious that an active proteolytic en- 
zyme can be elaborated by B. pyocyaneus in a synthetic medium 
containing no organic nitrogen. Indeed, under suitable condi- 
tions of salt concentration, this enzyme may practically equal in 
activity that produced in tryptic broth. As Merrill and Clark 
have observed, however, no more than a “‘trace’’ of protease is to 
be found in any synthetic medium in the absence of the salts of 
magnesium or calcium. The part played by these salts in pro- 
tease formation is considered by these investigators to be inde- 
pendent of the part they play in stimulating growth. This con- 
ception of the rdle of magnesium and calcium in protease produc- 
tion the author cannot, on the basis of her own findings, accept 
for several reasons. 

In the first place, as will be seen from a review of tables 3 to 5 
both growth and protease production may be made to vary in 
amount by varying the salt content of the medium. Further, a 
protease is not demonstrable even under the best of conditions in 
synthetic medium, or in any medium whatever, until sufficient 
growth has occurred. If the maximum bacterial numbers ob- 
served in cultures in synthetic media containing no magnesium or 
calcium are compared with the number of viable bacteria in 
cultures in the same medium, but containing in addition magne- 
sium or calcium, at an early stage of growth when not more than a 
trace of protease is demonstrable, it will be seen that the bacterial 
population of one is comparable with that of the other. 

In following the course of many cultures it will be seen that, as 
the number of viable bacteria increases, proteolytic activity also 
increases until maximum growth is attained. After this point 
is reached the viable bacterial population steadily declines but 
proteolytic activity remains stationary. Maximum proteolytic 
activity in other words will correspond only to maximum growth. 
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The only valid comparison that can be made between maximum 
enzyme activity and growth must accordingly be based upon the 
maximum and not upon the final number of viable organisms 
observed. 

The relation between growth and enzyme activity up to the 
point of maximum growth is not a straight line relationship. If 
this were so it should be possible to decrease the activity of any 
“good” culture, for example, to that of a ‘fair’ culture or one 
containing only a “‘trace’”’ of protease by so diluting the former 
that its bacterial population corresponded to that of one of the 
latter. Dilution experiments of this sort were made and showed 
that to reduce a fresh culture from “good” to “‘fair’’ enzyme activ- 
ity when the proportion of population to population, i.e., of a 
“good” culture compared with a “fair,’’ was roughly 2:1, re- 
quired at least a dilution of 1:50, while to reduce an old culture 
from “‘good”’ to a “‘trace’’ required a dilution of 1:75. It can be 
readily seen therefore that, after protease becomes demonstrable, 
no real increase in growth is to be regarded as insignificant and 
that, on the other hand, differences in numbers between cultures 
of unequal activity need not be striking. 

A final experiment was made to determine the mechanism of 
bacterial protease production. The observation that increase in 
activity could on occasion be accompanied by a fall in the viable 
bacterial count suggested that autolysis might be a factor in pro- 
tease production. A preparation of autolysed cells was accord- 
ingly made from an actively proteolytic culture of B. pyocyaneus 
254 in synthetic medium 2, containing 0.0125 per cent magnesium 
sulphate. The culture was first inactivated by the addition of 
phenol to make 0.5 per cent concentration, and was then centri- 
fuged and the cells washed three times with slightly buffered 
water. They were then suspended in a phosphate buffer (pH 7.4). 
A portion of the cell suspension was set aside for further experi- 
ment with the intact cells. The remainder of the suspension was 
allowed to autolyze under toluol in the incubator at 37.5° for three 
days. The preparation was centrifuged and the supernatant 
fluid showed no proteolytic activity after twenty-four hours in- 
cubation with gelatin. The suspension of intact cells, on the 
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other hand, liquefied gelatin in twenty-four hours. The latter 
observation was repeated upon the cells of B. subtilis, and upon 
cells from another culture of B. pyocyaneus in a synthetic medium. 
The results of these experiments would indicate that the cellular 
phase alone is concerned with protease production and that the 
intact bacterial cell is the source of protease. This observation 
falls in line with those of Cook and Stephenson for other bacterial 
enzymes, the dehydrogenases. These investigators found that 
exposure to ultra violet light, sufficient to prevent further growth, 
did not interfere with the oxidations activated by B. colt. 


SUMMARY 


Protease production by B. pyocyaneus has been found to be 
roughly parallel with growth. The time of appearance of a 
proteolytic enzyme varies therefore in relation to the rate of 
growth. In the vigorously growing cultures in tryptic broth in 
which maximum growth is attained in from twenty-four to forty- 
eight hours, as a rule, the maximum enzyme activity appears 
so ner than in cultures in peptone or in the synthetic media in 
which growth is delayed. 

Variations in protease production in a series of cultures made in 
buffered synthetic media of the same basis composition, that is 
containing the same sources of nitrogen and carbon, and varied 
only in relation to their salt content, appear to be explicable solely 
on the basis of variations in growth. No particular salt was 
found to have a stimulating effect upon enzyme production inde- 
pendent of its growth stimulating effect. In the cultures in 
synthetic media in which maximum bacterial numbers approached 
those in the protein media an equally active protease was 
observed. 

It has again been demonstrated that the presence of an alter- 
native source of carbon has no effect in delaying the appearance 
of a protease, a highly active enzyme appearing in cultures con- 
taining a carbohydrate readily available to the organism in a 
concentration greatly in excess of needs. 

Confirmation is again given to the observation that a protease 
may be as readily elaborated from inorganic nitrogen as from 
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organic nitrogenous compounds, and in a suitable medium may 
equal in activity that found under the most favorable conditions. 
Protease appears to to be a product of the intact bacterial cell. 












CONCLUSIONS 





Protease production by the organisms studied is a process of 
ordinary bacterial cell metabolism and is not dependent upon the 
ingredients of the nutrient medium, except as these stimulate or 
inhibit cell growth. 
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Although lactic acid organisms were among the first to be 
studied, and though their isolation and their action on carbo- 
hydrates represent some of the first chapters in the history of 
bacteriology, they are still a much discussed and much disputed 
group. They have been described and classified in many ways by 
different workers. No group of lactic acid organisms shares in 
this controversy more than the lactobacilli. 

Workers have been divided in their views. Some maintained 
that organisms of this genus, Lactobacillus, were not sufficiently 
distinct to warrant division into several species. Others have 
designated new species, on the basis of only very slight variations 
in morphology and cultural reactions. 

Of the investigators who believed that the differences found 
are insufficient to divide the group into species, Rodella (1901 
and 1908) and Heinemann and Heiferan (1909) may be cited. 
Each emphasized the pleomorphic nature of the Lactobacillus 
group and called attention to the presence of long rods and 
coccoid forms in the same culture. Heinemann and Hefferan 
concluded that these organisms had not been investigated 
thoroughly under uniform conditions, and that when so studied 
the differences were slight. They gave a composite description 
based upon a study of several organisms. They contended that 


1 This paper covers in part the work submitted to the Graduate School of Yale 
University by the senior author as part requirement for the degree of Doctor of 
Philosophy. 
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the Bacillus of Massol, B. acidophilus, the Boas-Oppler bacillus, 
B. panis-fermentati, Streptobacillus lebenis, and Leptothrix buccalis 
were synonyms for one and the same organism, B. bulgaricus. 

Henneberg (1904) and Rahe (1914 and 1918) held other views. 
Henneberg, working with twenty-two strains, made an extensive 
morphological and cultural study of this group. The information. 
contained in his orginal paper (Zeitschrift fiir Spiritusindustrie) 
formed the basis for many subsequent systems of classification. 
He divided L. leichmanni into 3 sub-groups according to the 
fermentation reactions on 14 carbohydrates. 

Rahe divided his strains of Lactobacillus acidophilus into four 
sub-types, L. acidophil-aerogenes into eight, and L. bulgaricus 
into four sub-types. L. bifidus he did not subdivide, but classified 
as an undivided species. The differentiation was established 
entirely on the basis of fermentation reactions of five carbohy- 
drates and of mannitol. 

The difficulty encountered in establishing significant distin- 
guishing characteristics is reflected in the literature in many 
instances. When a lactic acid organism was encountered as a 
contaminant in butyl alcohol and acetone fermentation, Thaysen 
(1921) believed it to be a new species and called it B. volutans. 
Later, work by Fred, Peterson and Stiles (1925) showed it to be a 
member of the Lactobacillus group and probably L. leichmanni. 

Howe and Hatch (1917) isolated organisms of the Lactobacillus 
group from carious teeth and referred to them as L. acidophilus 
and L. bifidus. Rodriguez (1922), in a study of aciduric or- 
ganisms isolated from deep foci of active dental caries, suggested 
that they be called B. odontolyticus (types I, II and III). Me- 
Intosh, James and Lazarus-Barlow (1922) found two types of 
organisms which they named B. acidophilus-odontolyticus (types 
I and II). Bunting, Nickerson and’ Hall (1926) called the 
organism isolated by them from caries, B. acidophilus. Mori- 
shita (1928, 1929) has noted that the organisms isolated by 
himself and others from carious teeth are, with few exceptions, 
not L. acidophilus as this species or type has been described by 
Kulp and Rettger (1924), and by others. 

These scattered examples are but a few of many such instances. 
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Inasmuch as several investigations? made in this laboratory have 
dealt with organisms of the Lactobacillus genus found in the 
intestinal tract and in dental caries, it was thought advisable to 
make a study of some of the Lactobacillus organisms found in 
soil and grain, with particular emphasis on those which produce 
relatively large amounts of lactic acid from carbohydrates, and 
which bear such an important relation to lactic acid production 
as a commercial biological process. 

The present paper covers one phase of an investigation con- 
ducted by the writers on Biological Production of Lactic Acid by 
High Acid-producing Organisms of the Lactobacillus Genus.» The 
36 strains of Lactobacillus described here were obtained from the 
following sources: 18 isolated by the writers from soil, grain and 
fecal material; 9 from the American Type Culture Collection; 3 
from the University of Wisconsin; 3 from Morishita’s collection 
of dental organisms; and 3 from the laboratory stock of L. 
acidophilus and L. bulgaricus. A fuller account of the sources 
follows. 


Sources of Lactobacillus strains 
Authors’ isolations 


Lactobacilli isolated from drains of Yale University Armory. 


Lactobacilli isolated from stalls of Yale University Armory. 


32 


. Lactobacilli isolated from soil. 


71 
nt Lactobacilli isolated from bran. 
73 


~ Lactobacilli isolated from cess pool. 





? Rettger and Horton, (1914); Hull and Rettger, (1917); Rettger and Cheplin, 
(1920); Kulp and Rettger, (1924); Morishita, (1928, 1929). 
* Work still in progress. 
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A7—Lactobacillus resembling A2 (see below) at time of isolation from a 
sample of barley. This culture was carried as a stock culture for two 
years before fermentation reactions described in this paper were 
determined. 

A8—Lactobacillus resembling A4 (see below) at time of isolation from sample 
of corn meal. Strain carried as a stock culture for two years before 
fermentation reactions described in this paper were determined. 

Alf—Lactobacillus isolated from alfalfa meal. 


From the American Type Culture Collection: 
Al—Lactobacillus leichmanni (368). 
A2—Lactobacillus delbriicki (899). 
A3—Lactobacillus lycopersici (4005). 
A4—Lactobacillus fermentatae (4006). 
A5—Lactobacillus acidophil-aerogenes (4007). 
A6—Lactobacillus acidophil-aerogenes (4009). 
A9—Lactobacillus delbriicki (4172). 
Al0—Lactobacillus pentoaceticus (367). 
All—Lactobacillus plantari (4377). 

From Dr. Fred, University of Wisconsin: 
F1—Lactobacillus leichmanni (isolated from corn meal). 
F2—Lactobacillus leichmanni (isolated from corn mash). 
F3—Lactobacillus delbriicki (Henneberg). 

From Morishita, Yale University: 
T1—Lactobacillus odontolyticus (33). 
T2—Lactobacillus odontolyticus (19). 
T3—Lactobacillus odontolyticus (BN). 

From Yale University: 

Laboratory of General Bacteriology: 
RH—Lactobacillus acidophilus 
K1—Lactobacillus acidophilus (Scavano). 
K2—Lactobacillus bulgaricus (B-12). 


All strains were Gram-positive rods occurring singly, in pairs or 
in chains. They varied greatly in size, at times even in the 
same culture (0.3 to 1.0 by 1.0 to 204). They were microaerophilic 
and fermented carbohydrates and alcohols with the production 
of lactic acid and varying amounts of acetic acid. Some of them 
formed two types of colonies in agar, described by Rettger and 
Horton (1914) as x and y types. The descriptions correspond 
with that given by Fred, Peterson and Stiles (1925) for lactic 
acid organisms isolated from soil (table 2). 


ISOLATION OF LACTOBACILLUS STRAINS 


The method of isolation was a modification of that used by 
other workers, namely the use of acid enrichment broth containing 
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a fermentable carbohydrate. However, in working with soil 
and grain as a source of organisms, much difficulty was en- 
countered with fungi overgrowing the lactobacilli in the enrich- 
ment medium and in the plates which were subsequently poured. 
The following procedure was adopted with very satisfactory 
results. 


Medium used: 


The mixture was boiled for fifteen minutes and adjusted to a 
reaction of pH 3.5 to 4.0 with lactic acid. The medium was 
dispensed in 10 cc. portions in test tubes, and sterilized for twenty 
minutes at 15 pounds extra pressure. 

The tubes were inoculated with samples of grain or soil weighing 
about 1 gram, or with other test material in liberal amounts; 
a layer of sterile mineral oil 10 to 15 mm. thick was poured over 
the mash and the tubes incubated at 37 or 40°C. for forty-eight 
or seventy-two hours. Plates poured from these tubes often 
contained only lactobacilli in the higher dilutions. Molds were 
seldom seen on any of the plates. 

The colonies selected for isolation were examined under the 
low power of the microscope and cut out of the agar by a sterile 
platinum spatula prepared by flattening a platinum wire slightly 
at one end. The agar block containing the colony was crushed 
in a tube of broth and immediately replated. Colonies selected 
from the second plating usually gave pure cultures. In some 
instances single cells were isolated by the improved Barber 
micropipette method for single cell culture study. For a full 
description of the technique employed here see Gee and Hunt 
(1928). 

Several media were used for cultivation and preservation of 
stock strains. Yeast-water broth and agar containing glucose 
and peptone were found very favorable; they were prepared as 
follows: One pound of compressed yeast was added to 4 liters of 
water and suspended by shaking. Twenty-five cubic centimeters 
of chloroform were added to prevent bacterial growth. The 
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flask was incubated for forty-eight hours at 37°, the mixture being 
thoroughly shaken at intervals. It was then steamed in the 
autoclave until the chloroform had volatilized, and finally heated 
at 15 pounds pressure for an hour. After the yeast cells were 
allowed to settle, the supernatant fluid was removed, and clarified 
with egg albumin when this was found to be necessary. The 
resultant yeast water should have a clear amber or light brown 
color. To attain this end quickly the soluble starch which slowly 
precipitates and settles upon standing may be changed by the 
addition of a small amount of Takadiastase or filtered saliva 
when the yeast water is still warm. 
The yeast water was made into the following medium: 


This medium was adjusted to pH 6.8, tubed and sterilized in the 
autoclave. 

Tomato juice broth as devised by Kulp (1927) was found to be 
almost as good as yeast water for some strains and better for 
others. It is prepared more easily than the other, and was used 
in many instances in this work to supplement the yeast water 
medium. 

For the preservation of stock strains the following medium 
has many advantages: 


Litmus (enough to give a deep blue color). 


This was dispensed in test tubes containing about 0.5 gram of 
calcium carbonate per tube. The tubes were plugged and 
sterilized at 15 pounds for twenty minutes in the autoclave. 
When the seeded tubes were protected from excessive drying the 
organisms remained viable for at least seven months without 
apparent change of fermentation reactions. However, stock 
cultures were transferred at least once a month as a routine 
procedure. 











i 
. 


tt a ne ee ee inant 


MEMBERS OF LACTOBACILLUS GENUS 67 


With the use of the isolation technic described and with the 
yeast water and tomato juice media it was possible to isolate 
aciduric organisms of the Lactobacillus type from cracked wheat, 
rye meal, cracked corn, oats, corn flour, alfalfa meal, barley, 
bone meal, meat scraps, chicken feed and rolled oats. These 
samples represented grains purchased in a variety of wholesale 
and retail food stores and cereal mills located in the Eastern 
and Mid-Western sections of the United States. 

Fifty samples of recently collected soil representing all but two 
types of surface soil found in Linn County, Iowa, were examined.‘ 
Organisms of the Lactobacillus group were present in all of 
these samples. 

Samples of soil or grain kept in the laboratory in test tubes or 
bottles rapidly lost their viable lactobacilli. In fact, none of 
the fifty samples of soil contained viable lactic acid organisms 
of this type two months after the date of collection. However, 
lactobacilli were readily demonstrated in samples of grain which 
had been held in a feed store bin for several weeks or in a paper 
bag in the laboratory store room. In such instances mouse 
feces were found to be present in the samples, and there was ample 
evidence that mice had been feeding on the grain. In one 
instance a bag of alfalfa meal remained on a shelf in a small 
store room or closet for several months during which time it was 
a source of food for mice, as was clearly indicated by the scattered 
meal on the shelf. A sample of this exposed meal revealed 
aciduric organisms, while a similar sample protected from mice 
by a wire screen showed none after weeks of storage. 


MORPHOLOGICAL AND CULTURAL CHARACTERISTICS 


Morphological and cultural characteristics are shown in table 
1. Tubes of glucose yeast-water broth were inoculated with 
the suspension of the washed organisms and incubated at one 
of four temperatures, 42, 37, 16 and 12°C., for forty-eight hours. 
The cultures were also plated out in glucose yeast-water agar; 
tubes of glucose yeast-water gelatine were inoculated and in- 


‘These were made available through the kindness of Prof. Anderson, Coe 
College. 
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cubated at 22°C. The acid production for the four temperatures 
of incubation, the type of colony in the agar, the growth in the 
gelatine, the appearance of growth in the broth, and the mor- 
phology of the organism found in an eighteen- to twenty-four- 
hour glucose yeast-water broth culture (prepared from stock 
cultures of the litmus milk containing glucose and calcium car- 
bonate) are indicated in the table (1). 

There were 4 xz and 14 y types which remained reasonably 
constant, while 10 of the total number of 28 strains produced 
colonies which varied more or less between the x and y forms. 

Nine members of the series produced visible growth in glucose 
yeast water gelatin at 22°C., whereas 18 refused to do so. All 
caused pronounced acid production in glucose yeast water broth 
at 37 and 42°, and 9 appreciable quantities at 16°C.; 19 failed to 
change the H-ion concentration of the medium at this tempera- 
ture. Only three depressed the pH of the glucose broth at 12°. 

Various writers have described members of the Lactobacillus 
genus as being extremely pleomorphic, the morphology of the 
individual strains varying from a distinct coccus form to long and 
short bacilli of extremely variable thickness. Such claims have 
recently been made by Rosebury, Linton and Buchbinder (1929). 
In some earlier publications of Rettger and his colleagues atten- 
tion was called to very marked pleomorphism in the Bulgaricus- 
acidophilus group. More recent and intensive studies in our 
laboratory have shown, however, that under controlled uniform 
conditions of temperature and cultural environment the different 
strains are as a rule far less pleomorphic than has been so often 
claimed. 

A certain amount of pleomorphism and cultural variation has 
been observed in the present investigation, and in some instances 
these seemed to vary with slight variation in environmental 
conditions, such as temperature, and with the intervals elapsing 
between transfers. 


FERMENTATION STUDIES 


Casein-digest broth (although not as favorable a medium for 
many strains of Lactobacilli as yeast water or tomato broth) was 
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used. Prepared from C. P. casein by the tryptic digestion 
method described by Kulp and Rettger (1924), it is free from 
carbohydrates and promotes growth of all strains in varying 
degress when a fermentable carbohydrate is added. 

Two media were made from this for the determination of 
fermentation reactions. One was casein digest broth which was 
sterilized before the adition of the carbohydrate. The carbo- 
hydrate was added in the form of a sterile aqueous solution. 
The second medium was a casein-digest soft agar containing 
Andrade’s indicator: 


IE <.t0s sc ededd ovedactaranten sane equivalent to 10 grams casein 
SIRES GEE nc Lda ho ae ch cU out ne Weds ot €% o¥ebscrasdvews 10 grams 
Ra iritah Pa cakes, diatg sient 8) atid wats kalo eed VRS a late chee eh 5 grams 
POOL IIE DOES CRE PLE ROE RE 10 cc. 
gi SR peta gly nea os linea SaaS ieiate Faia to 1000 cc 


Here again the carbohydrates were added as sterile aqueous 
solutions after the medium had been tubed, plugged and sterilized 
in the autoclave. Xylose and arabinose solutions were sterilized 
by Berkefeld filtration; all of the others by autoclaving. The 
concentration of carbohydrate used was 0.5 per cent in both the 
broth and the soft agar media. 

The inoculum was prepared from a twenty-four hours yeast 
water or tomato juice broth culture by centrifuging the culture, 
removing the supernatant fluid and washing by resuspending 
and centrifuging the residual cells three times in sterile saline 
solution (0.85 per cent). A final saline suspension was prepared 
having a turbidity of 8 or 10 on the McFarland nephelometer 
scale. Plates were then poured to determine the purity of the 
suspension and 0.1 cc. of the suspension inoculated into casein 
digest sugar broth (3 to 5 cc. volume); a stab inoculation was 
likewise made in Andrade soft agar medium, using a 4 mm. 
loopful of the suspension. 

The Andrade soft agar was used in making simple fermentation 
tests with organisms which were supposedly of the Lactobacillus 
type, immediately after their isolation from the corn mash medium. 
The inoculum was washed in sterile saline, as described above. 
The carbohydrates employed in these tests were glucose, lactose, 
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maltose, sucrose and xylose. A carbohydrate-free control was 
also employed. 

The casein-digest broth containing 0.5 per cent of a given 
carbohydrate and inoculated with the washed culture, was 
incubated at 37° for three days and the pH determined by the 
colorimetric method. A decrease in pH above any change 
observed in the sugar-free control was taken as an indication of 
carbohydrate utilization. In some instances growth took place 
without any decrease in the pH being observed. When possible 
in these cases, the reducing sugar was determined by the Somogyi 
(1926) modification of the Shaffer-Hartmann reagent. In no 
such instance did a quantitative determination of the reducing 
sugar reveal a loss in carbohydrate. 

The following system is used in table 2 to indicate ranges of pH. 


no change, pH 7.0 


+? = doubtful (pH 6.6 to 6.7) 
+ = pH 6.5 to 6.1 
+ = pH 6.0 to 5.6 
++ = pH 55 to5.1 
+++ = pH 5.0 to 46 
++++ = pH 4.5 or less. 


The fermentation reactions were obtained in casein digest 
broth containing 0.5 per cent of the known carbohydrates and 
inoculated with washed cultures of the various strains. 

An examination of the reactions in table 2 reveals several points 
of interest. A2, A5, A6, A7 and F3 resemble each other, although 
they are not identical. For instance, A2 and F3 slightly affect 
sucrose, while the others do not. F3 is the only one of these five 
strains which attacks dextrin, though this action is again slight. 
A2 and F3 act on mannitol more readily than do A5, A6 and A7. 
A5 and A6 are the only strains of these five which produce a 
visible change in milk. 

A8 and A10 have some resemblences. A10 ferments raffinose, 
which is not acted upon by A8, but the latter ferments mannitol, 
salicin and milk, while A10 does not. 

Although Al, Fl and F2 are all L. leichmanni strains, Al 
differs from F1 and F2 in that it acts on lactose and salicin, as 
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well as on milk, although slowly. Except for the amount of 
acid produced, F1 and F2 are alike in their action. 

A2, A9 and F3 are all L. delbriicki cultures, and although A2 and 
F3 resemble each other quite closely, A9 is different. A9 acts 
on lactose slightly, but does not ferment sucrose at all. It does 
not ferment melezitose or mannitol, and attacks raffinose feebly, 
while the other two are very active. A9 affects starch and milk, 
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while neither A2 nor F3 does. On the other hand, F3 ferments 
dulcitol, while A2 and A9 do not. 

A4 and A8 resembled each other at the time of the isolation of 
A8. Similarly A2 resembled A7 at the time A7 was isolated. 
While A2 and A7 still resemble each other after being carried as 
stock cultures for two years, A4 and A8 have lost much of their 
similarity. A8 ferments four carbohydrates which are not acted 
upon by A4. The former also acts upon milk, while the latter 
does not. 

Strain 11 resembles All in every way save degree of action. 
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Strain 13 resembles Al except that Al ferments mannitol and 
milk. Strains 87, 85, 29 and 24 are the same in their reactions as 
13. Strains 34 and 71 were lost. 

There is a general similarity in the fermentation reactions of the 
newly isolated strains 11, 12, 13, 15, 23, 24, 28, 29, 32, 72, 73, 85 
and 87. The carbohydrates which are fermented are limited to 
glucose, levulose, maltose, lactose, sucrose, mannose, raffinose, 
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dextrin and salicin. Arabinose, xylose, mannitol and milk were 
acted upon by many of the cultures carried in the stock medium, 
but they were not utilized, on the other hand, by the recently 
isolated strains. 

The newly isolated strains described here fall into three groups: 
Type I inciudes 11, 15, 28 and 73. This group resembles All 
(L. plantari) of the type cultures. Type II includes 12, 23 and 72, 
which resemble culture Alf, but none of the type cultures. 
Type III includes 13, 24, 29, 85 and 87 and resembles Al (L. 
leichmanni) of the type cultures. 
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Strains T1, T2 and T3 (teeth strains), K1 (L. acidophilus), K2 
(L. bulgaricus), and RH (L. acidophilus) have one reaction in 
common which is not shared by most of the organisms isolated 
from grain and soil. The organisms of dental origin, those 
isolated from milk, and those from feces of animals on a high 
carbohydrate diet ferment lactose very readily. On the other 
hand, the soil organisms either do not ferment lactose at all or 
exert only a slight action. 


SEROLOGICAL RELATIONSHIPS 


Representative strains of type cultures and newly isolated 
organisms were selected for serological study. The antigens 
were prepared as follows: Twenty-four-hour old cultures of the 
organisms in yeast-water broth containing peptone and glucose 
were centrifuged, the supernatant fluid removed and the bacterial 
cells washed and centrifuged 3 times in sterile physiological saline 
solution. The residue was finally made up to a turbidity of 8 to 
10 on the McFarland nephelometer scale with sterile saline, and a 
loopful of the final suspension plated out as a check on its purity. 


Rabbits were immunized with the unheated, washed antigens by 
repeated injections in the marginal ear vein until the agglutination 
titer of the serum against the homologous organism was at 
least 1: 800. 

The following eight cultures were used to prepare the immune 
sera which had the indicated agglutination titers: 


AGGLUTINATION REACTIONS 


The agglutination reactions of these sera against the strains of 
lactobacilli studied are shown in table 3. They were determined 
with washed antigens having a turbidity of 1:1.5. Four dilutions 
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of serum were used, namely 1:100, 1:200 1:400 and 1:800, anda 
control containing no serum. The readings were made after two 
hours incubation at 56°C. and again after remaining over-night 
at 3 to4°C. The key to the symbols used in the table of aggluti- 
nation reactions is as follows: 

— = no agglutination 

? = some agglutination in control tube 


+ = agglutination in 1:100 or 1:200 
++ = agglutination in 1:400 or 1:800 


Most of the sera showed a marked proagglutination phase in the 
dilutions lower than 1:100, but all sera agglutinated the homol- 
ogous organism at dilutions of 1:100 or above. 

Several points should be noted in the table of agglutination 
reactions. Although Al, Fl and F2 are all type cultures of 
L. leichmanni, neither F1 nor F2 is agglutinated by Al antiserum. 
This agrees as far as it goes with the interpretation of the results 
of the fermentation reactions. Strain Al is unlike Fl and F2. 
Unfortunately no antiserum was prepared for either F1 or F2, 
and their serological similarity remains undetermined. It may 
also be significant that an agglutination reaction was obtained in 
the lower dilutions with strains 29 and 85. The last two or- 
ganisms were found to be similar in their fermentation reactions 
to Al. 

A5 and A6 are serologically the same. Although an agglutina- 
tion was obtained in the lower dilutions with A5 antiserum and 
antigens of cultures of Alf and 24, neither of these cultures 
resembles A5 or A6 in its fermentation reactions. Strain 24 
resembles Al by the fermentation tests, while Alf falls into 
another group. There is no agglutination of either 24 or Al by 
the antiserum of Alf. 

A9 antiserum does not agglutinate A2 or F3 antigens. This 
agrees with the findings of the fermentation reactions. Although 
no two of these three strains show identical fermentation re- 
actions, A2 more closely resembles F3 than A9 does either A2 or 
F3. Neither F3 nor A2 antiserum is available to determine 
whether A2 and F3 antigens and antisera cross agglutinate. 

A9 antiserum also agglutinated 11, 12, 13 and 15 antigens even 
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in the higher dilutions. Inasmuch as No. 11 antiserum also 
agglutinates 11, 12, 13 and 15 antigens in the same high dilutions, 
it might be concluded that these cultures are serologically the 
same. Notwithstanding this fact, antiserum 11 does not agglu- 
tinate A9 antigen, and the fermentation reactions of these strains 
are quite different. 

There is no serological similarity between cultures 11, 28, 73 and 
Ali as a group. Neither is there between Alf, 23, and 72, or 
between 13, 24, 29, 85, and 87. These groups have similar 
fermentation reactions within themselves. Antiserum RH does 
not agglutinate antigen K1, though both are L. acidophilus. 

Strains 71, 72 and 73 are serologically similar, although 72 and 
73 do not have similar fermentation reactions. While antiserum 
72 agglutinates antigens Al and F1 in the lower dilutions, and 
causes possibly a slight reaction with F2 antigen, there is no 
marked similarity in their fermentative properties. F1 more 
closely resembles 72 than does Al. However, Al, Fl and F2 
are all L. leichmanni type cultures. 

It is perhaps significant that antiserum A10 agglutinates 
antigens A2, A7 and F3 in dilutions as high as it agglutinates its 
specific antigen. Strain A7 was, as has been previously men- 
tioned, similar in its fermentation reactions to A2 when first 
isolated. A2 and F3 are both L. delbriicki. While AQ is likewise 
an L. delbriicki type culture, it is not agglutinated. It has already 
been noted that A2 and F3 more nearly resemble each other in 
their fermentation reactions than either one resembles AQ. 
However, Al0 ferments the pentoses easily, while A2, A7 and 
F3 do not. 


COMPLEMENT FIXATION REACTIONS 


Kulp and Rettger (1924) failed to obtain satisfactory agglutina- 
tion reactions with their strains of L. acidophilus and L.bulgaricus 
because of spontaneous agglutination. They finally resorted to 
the complement fixation test. Morishita (1928), in working with 
organisms isolated from dental caries, found the agglutination 
method satisfactory after certain preliminary treatment of the 
suspended antigen. In the present work only three strains 
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agglutinated spontaneously, and then not sufficiently to mask 
true agglutination. However, for the sake of comparison, 
complement fixation tests were made with four immune sera 
against the 36 antigens employed in the agglutination experiments. 

The sera used were four of those which were employed in the 
agglutination work, namely A5, Alf, 11 and 72. They were run 
in two dilutions and well beyond the anticomplementary range. 
The antigens were prepared from the stock suspensions of washed 
viable organisms in sterile saline solution. The degrees of 
fixation are indicated in table 4 on the —, +, ++, ++4, and 
++-++ basis. 

The complement fixation reactions obtained here agree only in 
part with the agglutination reactions. Whenever a 4+ comple- 
ment fixation was obtained, a 2+ agglutination reaction was 
observed. However, this is as far as the correlation between the 
two systems went. The 1+ complement fixations do not in any 
case agree with agglutinations reactions obtained in these 
instances. 

While the complement fixation technique is a very delicate one, 
and to a certain extent confirms the agglutination reaction, it is 
also very cumbersome. The agglutination method may be used 
successfully with the strains of organisms used here. Strains 
that are naturally subject to self-agglutination may by certain 
treatment® be made to serve as satisfactory agglutination antigens. 


DISCUSSION 


Several points may be emphasized here. It is often very 
difficult to establish the identity of any one isolated strain of 
Lactobacillus definitely. At times there are greater differences 
between the fermentation reactions of two given strains of the 
same organism than are seen between two individuals of different 
species. Henneberg (1904) divided his L. leichmanni strains 
into three groups. L. leichmanni I did not ferment lactose, 
raffinose, dextrin or inulin, but attacked alpha-methyl glucoside. 


5 Rapid and repeated transfer of cultures (three to four hours) and centrifuga- 
tion of the washed cells to remove the coarser clumps. 
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L. leichmanni II fermented all of these, while L. leichmanni III 
acted upon all but raffinose and the glucoside. Except for the 
amount of acid produced, L. listeri corresponded exactly with 
L. leichmanni I, save possibly in the instance of rhamnose; no 
data are given on the action of L. leichmanni II upon this sugar. 

Of the fifteen organisms listed by Henneberg there are only four 
which ferment lactose strongly, eight which do not attack it at 
all, and two which act upon this sugar only to a limited extent. 
The lactose fermentation of one organism is not listed. 

The evidence offered in this paper by the fermentation and 
agglutination reactions of known strains of lactobacilli is only in 
partial agreement with our knowledge of the sources of these 
strains. In some instances the fermentation reactions are 
confirmed by the agglutination reactions, while in others they are 
not. The agreements almost balance the disagreements. The 
complement fixation reactions only in part support the findings 
of the agglutination tests. The morphology of the organisms and 
colony formation merely serve as a preliminary means of iden- 
tification and cannot be used by themselves as a means of dis- 
tinguishing the individual members of the genus employed in 
this investigation. 

Work with known members of this group is a discouraging 
preliminary to work with unknown members. If one cannot find 
agreement with known strains (sometimes subcultures of the 
same original strains from two different laboratories do not 
agree) then it is useless to place too much emphasis upon the 
fermentation or agglutination reactions. While there can be no 
question regarding the delicacy of the serological and fermentation 
methods, the significance of these sensitive reactions may perhaps 
be overemphasized in the instance of the lactobacilli when one 
considers the variability which some of these organisms at times 
show, at least in artificial culture. 

The tendency of some writers, in describing a given organism 
of the Lactobacillus group, to conclude that it is in certain 
respects like L. delbriicki, or that it ‘“‘resembles”’ L. acidophilus, is 
perhaps fortunate, and indeed judicious, particularly when their 
observations are based on incomplete data. To label an or- 
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ganism definitely as L. acidophilus or L. delbriicki simply because 
it bears certain general resemblances cannot be too strongly 
condemned. 

There is one characteristic which most of the organisms isolated 
from soil, grains and fruits lack, but which is possessed by L. 
acidophilus and L. bulgaricus as described by Kulp and Rettger 
(1924), and by L. odontolyticus as described by Morishita (1929). 
The soil organisms employed here do not as a rule ferment 
lactose, while L. bulgaricus, L. acidophilus and L. odontolyticus 
utilize this carbohydrate readily. One is not justified, however, 
in arbitrarily taking one or two properties of an organism to the 
exclusion of all others, and concluding that all organisms possess- 
ing this property are the same. Rather, the writers wish to 
point out the dissimilarities between this large group of lacto- 
bacilli isolated from soil, and the more specific types of L. acido- 
philus, L. bulgaricus and L. odontolyticus. 

Until further and more substantial data are available it is 
perhaps unwise to attempt further distinctions. However, it 
has been noted that the organisms isolated by the writers fall 
into several groups on the basis of their fermentation char- 
acteristics. Type I includes strains 11, 15, 28 and F3 which 
might be called L. plantari. Type II includes strains 12, 23, 
F2 and Alf, which act upon relatively few of the carbohydrates 
employed in these tests. Type III is the largest group including 
13, 24, 29, 85 and 87 and might be designated as L. leichmanni. 
Type IV was not often met with, but like L. pentoaceticus, 
L. fermentatae and L. lycopercici, these organisms fermented one 
or more pentoses readily. A pentose fermenter was encountered 
and isolated in four instances, but AS was the only strain available 
for these studies. 

The ability of some organims to form gas from carbohydrates 
has been mentioned by some writers. None of the strains 
described in this paper possess this characteristic now. Even 
L. lycopercici, which produced large amounts of gas from tomato 
juice when first received in this laboratory, has lost this prop- 
erty. Hence it could not be used as a means of differentiation. 

The question of source of the soil lactobacilli is an interesting 
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one. It was observed in this work that when a sample of grain 
was protected from animal contamination it ceased after a while 
to yield lactobacilli. This was first noted by the writers when 
they originally attempted to isolate what was then known as 
B. volutans. All efforts to isolate aciduric organisms from samples 
of corn and corn flour which had been in sealed jars and bottles 
in the laboratory for several months met with failure. When 
fresh samples were obtained from a feed store isolation was 
effected without difficulty. 

Although it was surmised that samples from feed-stores and 
cereal mills were continually being infected by rodents, several 
attempts to isolate the organism from the intestinal contents of 
mice trapped in the store-room were not successful. It is possible, 
nevertheless, that the fecal material of certain animals is the 
ultimate source of these organisms. This speculation is strength- 
ened when one considers the prevalence of the lactobacilli in 
surface soil of many varieties all of which were subject to fecal 
contamination. 


SUMMARY 


Thirty-six strains of Lactobacilli representing strains isolated 
from soil, grain, fecal material, milk products and dental caries 
are described. The media used and the methods of isolation 
are detailed. 

The fermentation reactions of the organisms upon 20 carbo- 
hydrates and related substances, their action in milk, broth and 
gelatin, and their acid production at four incubation tempera- 
tures, are listed. 

Agglutination reactions and complement fixation tests of the 36 
strains with antisera of representative strains are also listed and 
results compared with fermentation reactions. 

Lactobacilli isolated from soil and grain did not as a rule ferment 
lactose. This marks them as a group distinct from L. acidophilus, 
L. bulgaricus and L. odontolyticus. 

Of the lactose non-fermenters, four types are more or less 
definitely indicated on the basis of their fermentation reactions. 
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It is well known that B. Welchii does not sporulate readily. 
When grown in ordinary culture media scanty spore production 
is usually noted even after prolonged incubation. This applies 
particularly to media containing a fermentable carbohydrate even 
though in very small amount. The literature contains few studies 
on the environmental factor or factors which determine sporula- 
tion on the part of this organism. Such reports as have been 
made would suggest that the reaction of the substrate exercises 
the controlling influence. Grassberger and Schottenfroth in 
1900 reported that the sporulation activity of their anaerobic 
immobile butyric acid bacillus was increased by alkalinity in 
the medium and that the optimal degree of alkalinity varied with 
different strains. Some of these strains may not have been B. 
Welchii as the species was not adequately identified at that time. 
Noguchi in 1907 employed a sugar-free bouillon with an alkalinity 
ranging from n/50 to N/75 NaOH as a basic medium and added 
various carbohydrates in 1 per cent amount. He found that if 
acidity was produced by the growth of B. Welchii no spores were 
formed. Fitzgerald in 1911, working with Noguchi and using his 
methods, confirmed in general his findings. She concluded that 
the optimal alkalinity zone for spore formation ranged from n/200 
to N/50 NaOH, that the presence of NaCl in the medium, ranging 
from 0.5 to 5 per cent, was not a factor influencing spore forma- 
tion but that the presence of certain unfermented carbohydrates 
in the basal medium, especially mannitol and amylodin, enhanced 
spore formation while even in the presence of acid formed from 
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raffinose, spore formation was increased. Simonds (1915) in his 
extensive monograph on B. Welchii states that “spore formation 
is inconstant and occurs only in alkaline media, never in pure 
cultures containing a fermentable sugar or a free acid.” In some 
in vitro experiments with fecal suspensions he found that steril- 
ized preparations seeded with B. Welchii did not show spores after 
incubation if the acidity was made equal to 1.0 per cent normal 
hydrochloric or acetic acid with phenolphthalein as an indicator. 
Also when a sugar, such as lactose, was added in 1 per cent 
amount to unsterilized fecal suspensions containing B. Welchii, 
no spores were observed after incubation if the final degree of 
acidity was greater than 4.0 per cent normal. Nye (1927) in 
connection with a study of B. Welchii spore formation in the intes- 
tines of cases exhibiting achylia gastrica states that a 1.0 per cent 
fecal suspension adjusted to 1.0 and 4.0 per cent acid (normal 
HCl), using phenolphthalein as an indicator, has a pH of approxi- 
mately 7.5 and 5.0 respectively. He demonstrated in this study, 
that individuals with achylia gastrica, with or without anemia 
generally show very high counts for B. Welchii spores in stool 
specimens and he ascribes this phenomenon to the probable 
greater degree of alkalinity of the content of the small intestine 
of such cases. 

The purpose of the present investigation has been to determine 
just what degree of H-ion concentration in an appropriate medium 
is most conducive to the sporulation of B. Welchii. To this study 
there are also appended observations on a series of gastric 
anacidity cases as regards the correlation of gastric and duodenal 
content reaction and the B. Welchii spore counts for the feces. 
In the in vitro tests the aim has been to employ a medium the 
reaction of which would show minimal changes as a result of the 
growth activities of this bacillus. 


EXPERIMENT I 


Medium. The basal medium employed throughout these 
experiments consisted of a sugar-free, well-buffered nutrient 
broth. It was prepared as follows: To 2 liters of distilled water, 
2 pounds of minced fresh beef heart were added and boiled over 
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the free flame with frequent stirring for 15 minutes. It was then 
passed through canton flannel and absorbent cotton, any loss in 
the filtrate being adjusted with distilled water, and then auto- 
claved for 20 minutes at 15 pounds pressure. This filtrate was 
next inoculated with B. coli and incubated at 37°C. for 24 hours. 
A test was made for sugar using Benedict’s method and, if found 
sugar-free, the broth was cleared with egg white and passed 
through filter paper and to the filtrate was added 1 per cent 
peptone (Difco). After the latter had been brought into solution 
by moderate heat, the reaction was adjusted to pH 7.0 and further 
clearing effected by autoclaving and filtering through paper. 
The filtrate was then distributed in flasks in 250 cc. amounts and 
these lots were severally adjusted with 10 per cent solutions of 
Na,CO; and HCl, using Clark and Lubs indicators, to the H-ion 
concentrations detailed in the several tables. To each flask of 
adjusted medium employed in the experiment designated in table 
1 as (a), 0.5 per cent potassium diphosphate was added as a 
buffer. In the other tests (b, c and d) changes in buffering were 
made as indicated below. Following autoclaving for 15 minutes 
at 20 pounds, the flasks were re-titrated, reaction adjustments 
made, where necessary, and the content of each tubed in about 
15 cc. amounts in 16 mm. diameter tubes. Prior to filling, a 
small piece of sterile calcium carbonate had been placed in each 
tube to stabilize further the reaction during the growth period. 
The tubes were finally autoclaved and seeded as described 
below. The B. Welchii strain employed in the experiments 
detailed in table 1 had been isolated from a pernicious anemia case 
several years ago, was entirely typical culturally and had been 
purified by single cell culture. Six tubes at each reaction were 
seeded. The H-ion concentrations before inoculation were 
determined then and at the indicated time periods following 
seeding and incubation. At each of the periods films for 
staining were also prepared from a sample tube at each reaction 
and the tube was then discarded. The Kopeloff and Beerman 
modification of the gram method wasemployed. The percentage 
of spores, both free and intracellular was then determined per 
100 organisms at each reaction using a net ocular micrometer. A 
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sufficient number were counted to obtain a fair average. Table 1 
records the results of four series of tests employing six to ten 
reactions in each of the first three. They were as follows: 

(a) Medium as described above at primary reactions 6.2, 6.6, 
6.8, 7.0, 7.3, 7.5, 7.7, 7.8, 8.0 and 8.2. Seedings were made by 
adding a few drops of a 48-hour culture of B. Welchii in cooked 
meat medium. There are practically no bacilli in the spore stage 
in such a culture, but even if there were and they did not develop 
into rods, dilution would be so great as to make their presence 
negligible. 

(b) Reactions 6.6, 6.8, 7.0, 7.3, 7.5, 7.7, 8.1, 8.4 and 9.0. The 
technic followed was the same as for (a) except that the amount 
of potassium diphosphate in the medium was increased to 1.0 
per cent in an attempt to keep the reaction more constant. 
Also, seedings were made from a 48-hour culture in plain nutrient 
broth. As the 8.4 and 9.0 reactions did not remain constant 
after autoclaving, 0.5 per cent acid sodium phosphate was sub- 
stituted for the 1.0 per cent potassium diphosphate. The reac- 
tions remained constant on autoclaving but no growth of B. 
Welchii occurred. 

(c) Reactions 6.2, 6.5, 6.8, 7.0, 7.2 and 7.5. In this series the 
technic was the same as for series (a) except that 0.5 per cent acid 
sodium phosphate was used as a buffer instead of potassium 
diphosphate. At several of the reactions the growth was not 
visible for several days but due allowance was made for this 
delay in carrying out the observations. 

(d) A small supplementary series was run at primary reactions 
7.0 and 7.2 in which the conditions were the same as for series c. 


RESULTS 


In series (a) the degree of growth as indicated by turbidity was 
about the same for reactions between 6.2 and 7.8; at 8.0 and 8.2 it 
was scantier and under the above described experimental condi- 
tions none was obtained at 8.5 and more alkaline reactions. 
The medium was not entirely free from fermentable carbohydrate 
as shown by the early appearance of some gas. There was, 
however, only a minute amount present as the increase in acidity 
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TABLE 1 
Sporulation of B. Welchii in fluid medium of various reactions 
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was very slight at most reactions. The medium with acid sodium 
phosphate held nearer to the initial reactions than did that with 
potassium diphosphate but on the other hand growth in the 
latter was rather less vigorous. 

As is shown in table 1 the reactions were held quite constant 
throughout the period of the test except in a few instances in 
series (a). The increase in acidity as the result of growth in series 
(a) ranged from 0.1 to 0.5 points whereas in (b) and (c) there was 
no increase or none greater than 0.2 points except in one instance. 

Our findings demonstrate clearly that, given a suitable reaction 
in the menstruum, B. Welchii will sporulate freely and that this 
spore-inducing reaction lies between pH 6.8 and the limit of 
growth on the alkaline side, which was with this particular 
medium 8.2. The maximal spore production zone lies on the 
alkaline side of absolute neutrality starting at about pH 7.1. 
At reactions from pH 6.1 to 6.5 inclusive practically no spores were 
noted until 9 days incubation had elapsed and then in a percentage 
of nomorethan 2to15. Atan initial reaction of 6.6 spores begin 
to be in evidence within 24 hours but at 6.8 larger numbers were 
observed and about 2 per cent were intracellular. Judging from 
the number of organisms seen in films this reaction seemed to 
favor optimal growth. Beginning with 7.1 and more alkaline 
reactions spore formation occurred promptly and freely, with 
about the same percentage (from about 10 to 80) generally 
observed after 24 hours incubation as after 9 to 12 days. Intra- 
cellular spores never amounted to more than 5 per cent of the 
total organism count and were not noted at all after 48 hours. 
In this optimal zone the active period of spore formation was thus 
apparently within the first 48 hours of growth. 


EXPERIMENT II 


As the above tests were carried out with a strain of B. Welchii 
which had been under cultivation for several years it was obvi- 
ously desirable to substantiate the findings by further tests with 
one recently isolated! The medium and methods were the 


! We are indebted to Miss Madeline Henriques for assistance in this part of the 
study. 
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same as that used in experiment Ia, the only difference being that 
the B. Welchii strain had been isolated from the intestine of a 
pernicious anemia case a few weeks before and the tubes were 
seeded from the third generation of growth. As is shown in 
table 2, the results were much the same as for experiment I, the 
zone of early spore formation ranging from reaction 6.7 to 8.2 
with an optimum zone between 7.6 and 7.9. After 24 hours 
there were many more rods with spores than free spores at most 
reactions but in 48 hours and later practically all the spores were 
in the free state. The zone of proiific spore formation with this 
strain ranged from primary reactions of 7.9 to 8.2 which was 
somewhat more alkaline than with the first and older strain 
employed. With both, however, there was a complete inhibition 
of spore production during the first 5 days at 6.5 and more acid 
reactions and a zone of spore production starting at about 6.7. 
With this strain also the organisms tended to grow in chains in 
the medium with a primary alkaline reaction. This was noted 
after 2 days incubation in the tubes at pH 7.6 and more alkaline 
reactions and after 5 days in the tubes of a primary pH of 7.4 and 


over, although the reaction in the former was pH 7.0 at that 
observation period. The thinner appearance and relative 
scarcity of the rods in the tubes at pH 7.6 to 8.2 after 7 days sug- 
gest that a constant alkaline reaction is unfavorable for this 
organism. 


EXPERIMENT III 


Fitzgerald (1911) claimed that spore formation by B. Welchii 
could be induced by the addition to peptone broth of such carbon 
compounds as arabinose, raffinose, inulin, mannitol, dulcitol and 
amydolin, with mannitol and amydolin giving the best results. 
The strain employed did not ferment mannitol or any of the other 
carbohydrates except raffinose. With raffinose, however, in 
spite of the presence of acid due to its fermentation, numerous 
spores were noted. We have not been able to confirm clearly 
these findings as far as mannitol and raffinose are concerned when 
they were added to our medium, as is indicated in table 3. Sterile 
solutions of these carbohydrates were added to tubes of our basal 





wD 
a 
rr) 


pH AND SPORULATION OF B. WELCHII 


UIvYyD 0} pus} pus JoUTTY spoy 


UIBYyd 0} pus} spoy 


e]3uIg 





















































&% | 29 8 | $9] Spoi [ems0" I | 69 
UIBYD 0} Pus} PUB JOUUIYY Sspoy Zz 09 spol [Buli0oU e[zuig 0 £°9 spoi [euli0U a[suig 0 ¢c'9 
UIBYD 0} PUS} PUB JOTUIYY spoyYy 0 09 spol [BulioU a3uIg 0 Z9 spol [euli0U a[3uig 0 £9 
UIBYD 0} Pus} PUB JOUUIYY spoy 0 09 spol [Bulio"U aauig 0 19 spol [euli0oU e[suig 0 29 
uIByo 0} Pus} pus JouUUIY) spoyYy 0 09 spol [BulIOU e[suig 0 19 spol [eull0U e[suig 0 19 
— GON L444 Sa Be 
Ursyo 0} pus} SpoYy ) ae eA spol [eulI0OU asuig ¢ tL spol [euli0U e]Zutg Cc ZL 
UuIByD 0} Pus} SpoY c 69 spol [eui0U a]4uIg 0 OL spol [eui0oU eZuIg 0 OL 
aIvyo 01 pus} Sspoy 9 ¢'9 spol [euli0U aauig 0 ¢9 spol [Buli0U e[suig 0 ¢'9 
UIBYD 0F Pues} Spoy 9 9 Spoil [Buli0o”U a[auig 0 9 spol [Buli0OU e[3uig 0 +9 
spol [eullo”U a] Zug ¢ £9 spol [eulioU a[sutg 0 £9 spol [euli0U a[suig 0 19 
quae yuan yuao 
aad sad aad 
Se. aa = suds} Hd | 20 WMO sods) Hd sqavm9y suodg| Ha 
exep L ekep sg . ABpt 
a 2 IOLINNVH 


Aone 
coco cor kt 


ee < 
ooeonn 





Hd | 
IVNIDINO 








No AS 


NO _ 


_ 





RKOIGIAK 





€ TIavVL 


asouyfo4 pup jo;1uuDmM buruiDjzu0? wnipaw Yj01q Ur 11y49}9M “Gg fo UoYDpnsodg 


94 J. C. TORREY, M. C. KAHN AND M. H. SALINGER 


medium in amount sufficient to make a final 1 per cent strength 
in the reactions designated in the tabulation. Mannitol evidently 
was not split by this strain which was the recently isolated one of 
experiment II and there was no clear-cut evidence that its pres- 
ence induced spore formation except that 5 per cent of spores 
were found in the pH 6.2 tube whereas there were none in the 
sugar-free lot (table 2). Raffinose was split slowly with the 
accumulation of a moderate amount of acid (a reaction of 6.0 to 
6.2 in all tubes after 7 days) which was sufficient to inhibit spore 
formation except in the tube with a primary 7.9 reaction where 
23 per cent of spores were found after 7 days in spite of the fact 
that the reaction had then reached pH 6.2. There was thus no 
evidence that these two carbohydrates favored spore formation 
in more than very slight degree. 

In summarizing the results of these experiments it may be said 
that the reaction of the medium was found of decisive influence on 
spore formation by B. Welchii. Acidity was inhibitory and in 
concentration greater than pH 6.6 prevented any spore formation 
for 7 days. With longer incubation a small percentage of spores 
were noted in the zone between 6.0 and 6.6. With both strains, 
early sporulation started rather abruptly at 6.8 and continued 
through increasing alkalinity to the limiting reaction for growth, 
with the maximum numbers occurring between 7.5 and 8.2. In 
this zone decreased vigor of growth was noted which suggests 
that unfavorable environment conditions were correlated with 
sporulation. No evidence appeared that the presence of mannitol 
or raffinose in the culture medium induced spore formation as 
was claimed by Noguchi and also Fitzgerald. 


REACTION WITHIN THE HUMAN INTESTINE AND SPORULATION OF 
B. WELCHII 


Years ago Herter (1906-7) called attention to the fact that 
B. Welchii spores are unusually abundant in fecal material from 
pernicious anemia patients. This finding has been thoroughly 
confirmed within recent years by Simonds (1915), Kahn (1924), 
Moench, Kahn and Torrey (1925), Nye (1927), Davidson (1927) 
(1928) ). Nye (1927), employing a cultural technic which per- 
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mitted accurate comparative spore counts, found an average of 
46,000,000 B. Welchii spores per gram of feces from 11 cases of 
pernicious anemia as contrasted with 240 per gram for 6 normal 
individuals, or approximately 200,000 times as many in the 
former as the latter. Davidson (1928) estimated that the excess 
of pernicious anemia counts over that of normals amounted to 
1000 to 10,000 times. Nye (1927) further found that in five cases 
of achylia gastrica with secondary anemia the average B. Welchii 
spore count was even higher than with his series of pernicious 
anemia cases, viz., 51,000,000 per gram of feces. As the pernicious 
anemia cases showed the typical complete absence of gastric 
acidity and in view of the fact that under cultural conditions 
alkalinity seems to encourage spore formation by B. Welchii, 
he suggested that the high counts were due to a favorable alkaline 
reaction of the small intestine content. Knott (1927) in 27 
normals found that the reaction of the resting content of the 
duodenum averaged 7.0 with a range of pH 6.6 to 7.2. Van der 
Reis (1925) has reported reactions for various levels of the small 
intestine in a series of 63 normals during the resting period, finding 
a range of 5.9 to 6.6 for the upper part, 6.2 to 6.7 for the middle 
and 6.2 to 7.3 for the lower section, but he does not state definitely 
how many hours after a meal these determinations were made. 
The findings of McClendon, Bissell, Lowe and Meyer (1920) for 
the reactions of the mid-portion of the small intestine content 
showed, 1} to 3 hours after a meal, for the middle part of the 
jejunum an average of pH 5.2 with a maximal acidity of pH 4.1 
and a minimal of 6.5. These observations were made over a 
period of 4 days. Long and Fenger (1917) had previously shown 
that under somewhat similar conditions, in 3 normal human 
‘subjects 63 hours after an ordinary meal, the material beyond the 
duodenal-jejunal juncture gave a reaction of pH 5.83. Very 
recently Paulson (1929) has reported that in three cases upon 
whom ileostomies had been instituted for the relief of ulcerative 
colitis the H-ion concentration of the lower ileum content was, 
with one exception in 43 determinations, alkaline regardless of 
the type or amount of food ingested. For case 1 the average 
reaction was pH 7.65, for case 2 pH 7.47 and for case 3 pH 7.4. 
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Although gram-positive rods were noted, B. Welchii was not 
recovered or its spores noted, although its presence was occa- 
sionally indicated culturally. 

The above observations, considered in connection with our 
finding that a reaction in the substrate more acid than pH 6.6 
almost completely inhibits B. Welchii spore formation, indicate, 
as Nye (1927) has suggested, that the periodic waves of acid 
gastric secretion passing along the small intestine prevent any 
B. Welchii vegetating there from sporulating except perhaps 
occasionally in the terminal part of the ileum. With gastric 
anacidity, however, the reaction of the small intestine content is 
necessarily to some degree alkaline. One of us (T) has found in a 
series of 21 cases of gastric anacidity that the average reaction of 
the duodenal (mid-portion) content on a fasting stomach (speci- 
mens taken prior to breakfast) was pH 7.35 with a range from pH 
6.8 to 7.9. These determinations were made colorimetrically 
with the Clark-Lubs indicators within 1 to 3 hours after the speci- 
mens had been obtained with a Rehfuss or Lyon drainage tube.* 
No precautions were taken to prevent loss of CO. Knott (1927) 
has reported practically the same reactions for the resting duodenal 
contents in 15 cases of gastric achlorhydria, viz., an average of pH 
7.4 with a range from pH 7.0 to 7.8. Apparently no determina- 
tions have been reported for the middle and lower levels of the 
small human intestine in achlorhydria cases, but it is reasonable 
to suppose that the reactions would be definitely alkaline and 
perhaps to a greater degree than for the duodenum. Taken in 
connection with our determinations, the indications are, then, 
that the reaction of the small intestine in cases of achlorhydria 
gastrica would be favorable for spore formation by B. Welchit. 
As has been established within recent years by the work of Bogen- 
dorfer (1922), Gorke (1922), van der Reis (1925), Syderhelm 
(1922) and others, with the absence of gastric acidity a flora tends 
to appear in the small intestine which is in many respects qualita- 
tively and quantitatively like that of the large bowel. The con- 
tent of the normal large intestine has generally a reaction about 


? Our thanks are due to Dr. M. Lake for these specimens obtained from patients 
in the gastro-enterological clinic of Cornell Medical College. F 
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neutral or slightly acid. This is true, also, for cases of gastric 
achlorhydria if we may judge from our determinations of the 
stool reactions. In cases of gastric anacidity it would follow, 
then, that the site of active spore formation of B. Welchii is 
probably the small rather than the large intestine because in the 
former B. Welchii first meets reaction conditions which our in 
vitro experiments indicate are optimal. In this respect we are in 
accord with the conclusions of Nye, but we do not agree with his 
view that actually there would be little difference in the total 
intestinal counts of vegetative B. Welchii in normal individuals 
and those with gastric achylia or in other words that there is no 
more active growth of B. Welchii in the latter than in the former. 
He arrived at this conclusion because enumerations of vegetative 
Welchii-like rods, as seen in gram-stained fecal films, gave 
approximately the same counts for normals and cases with achylia 
(including 6 pernicious anemia patients). His spore counts indi- 
cated, however, almost 200,000 times as many per gram of dried 
fecal material from pernicious anemia cases as from normals. Is 
it not fair to assume that this excess indicates more active growth 
of B. Welchii at some intestinal levels in the former? We believe 
that such is the case, for it is obvious that each spore must have 
been preceded by a vegetative form. The only other explanation 
of the count discrepancies would seem to be that in achylia and 
pernicious anemia cases the intestine is seeded with more spores 
through food ingested than in normals but that of course is an un- 
reasonable assumption. The truth of the matter seems to us to 
be that in conditions of achylia gastrica the small intestine is seeded 
with the flora of the large bowel and that the reaction in the latter 
is favorable not only for the spore formation but also for the growth 
of B. Welchii. Davidson (1928) has recently confirmed Nye’s find- 
ings as regards B. Welchii spore counts in the stools of pernicious 
anemia cases as compared with normal subjects. As stated above, 
however, we are in entire agreement with Davidson’s conclusion 
that this figure is indicative of that amount of actual increase of 
the vegetative organisms at some higher level of the intestinal 
tract or, in other words, that a much more active multiplication of 
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B. Welchii occurs in the intestine of pernicious anemia cases than 
in that of normal individuals. 


SUMMARY 


1. Through the use of a sugar-free, well buffered fluid medium, in 
which a minimum reaction change occurs as a result of the growth 
of B. Welchii, it has been shown that the zone favorable for spore 
formation by this organism ranges from pH 6.8 to the alkaline 
limit for its growth with an optimal reaction between 7.4 and 8.0. 

2. Spore formation is entirely checked during the first week in 
reactions more acid than pH 6.6. 

3. We have not found that mannitol and raffinose in the 
medium favors spore formation as claimed by Noguchi and also 
Fitzgerald. 

4. The high B. Welchii spore counts for fecal specimens from 
cases with gastric anacidity (including pernicious anemia) may be 
explained by the fact that the reaction of the small intestine in 
such cases is favorable for both spore formation and active growth 
of this organism. 
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INTRODUCTION 


The commercial preparation of mayonnaise and similar dress- 
ings is one of the newer industries which has arisen from a greater 
knowledge of nutrition. With the discovery of vitamines in 
green vegetables and the subsequent increased consumption of 
lettuce, celery, cabbage, asparagus and other vegetables, came 
the need of a dressing to make them more palatable. The 
French originated this sauce and it had been prepared in the home 
with more or less success. Preservation of the product has not 
been an important factor in the home-prepared dressings since 
they are ordinarily used shortly after preparation. The lack of 
knowledge of the value of egg yolk in stabilizing the emulsion 
and of vinegar in preservation, the use of proper amounts of 
seasoning and the proper ratio of the various ingredients has 
proved a serious handicap to the commercial development of this 
industry, but in spite of this, production has increased by leaps 
and bounds. 

Until recently the problem of stabilizing the emulsion attracted 
more attention than the problem of preservation. Since dressings 
of this nature are altered by heating, they cannot be preserved 
by sterilization and other methods must be practiced. Further 
complications ensue when mayonnaise is mixed with materials 
such as chili sauce, pickles, olives, pimentos or ground meat in 
the preparation of Thousand Island dressings, sandwich spreads 
and similar materials. The original preservative material may 
have been of sufficient concentration to inhibit the growth of 
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bacteria, but for example, when diluted with chili sauce, growth 
of the bacteria present in the mayonnaise may follow. Such a 
condition was called to our attention recently and it was the 
purpose of this work to discover the cause, note the effect and 
eliminate the spoilage. 


HISTORICAL 


The separation of oil and occasional subsequent fermentation 
has been noted since the industry began. Iszard (1927) examined 
about fifty samples and noted three stages in the spoilage. Gas 
bubbles appeared first, followed by a rancid odor of butyric acid 
and finally by aseparation. After separation organisms sometimes 
develop. The majority of these samples were fermented by the 
aerobic spore formers B. petasites Gottheil or B. teres Neide, 
The organisms could be isolated from the foundation paste but 
since this could not be sterilized, she studied the comparative 
value of lactic acid and vinegar as preservatives. 

Bachmann (1927) studied a number of commercially prepared 
dressings finding spore bearing rods similar to B. subtilis Cohn and 
B. mesentericus Trevisan, as well as molds, micrococci and 
diplococci but no toxin producing anaerobes. In no case were 
all of the samples from any one manufacturer sterile. A close 
relationship was found between the number of organisms present 
and the acidity and added starch paste. The eggs were con- 
sidered to be the source of the organisms. 

Rettger (1914), Hadley and Caldwell (1916) and others have 
found that the majority of fresh eggs are sterile, but aerobic 
spore formers have been noted. 

Gray (1927) found in pimentos a spore former which was heat- 
resistant to a considerable degree. He suggested sterilization of 
the separate ingredients, especially those added to mayonnaise 
to make sauces. 

Bitting (1928) in studying the stability of the emulsion, noted 
that as the proportions of the ingredients approached the stable 
point, the loss due to growth of organisms was lessened. 
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THE FERMENTED DRESSING 


The spoiled dressing which was studied was composed of a 
mayonnaise base made from corn oil, vinegar, egg yolk, sugar, 
paprika, mustard and pepper to which was added pickles, olives 
and chili sauce. The product was ordinarily a smooth, heavy- 
bodied emulsion of a light orange color. The acidity as deter- 
mined by titrating with n/10 NaOH using phenolphthalein as an 
indicator was 0.71 per cent as acetic acid. The hydrogen ion 
concentration was between pH 4.2 and 4.4. 

The spoiled material was darker in color and showed separation 
of oil in varying degree. The oil could not be incorporated 
satisfactorily by beating. The titratable acidity had increased, 
one sample titrating 0.91 per cent acid. The hydrogen ion 
concentration had also increased to pH 4.0 to 4.2. The volatile 
acidity had increased from 0.55 per cent in the normal to 0.60 
to 0.64 in the spoiled dressing. 

Microscopic examination showed the presence of a large number 
of spores in all the samples of spoiled material examined. Ap- 
parently only one species was present. Transfers made into yeast 
extract agar slants showed abundant growth in twenty-four 
hours but no spores until the second day. Several of the samples 
were plated, isolations made, and the organism studied in detail. 
Only one type of colony developed upon the plates. 


CHARACTER OF THE CAUSATIVE ORGANISMS 


The morphological and cultural characters are as follows: 

Morphology. The organisms are from 0.5 to 0.8 microns by 
1.5 to 3.0 microns long on glucose agar. Chains up to 10 microns 
in length have been noted in very young cultures, but ordinarily 
organisms occur singly. On potato slants and in gelatin stab, 
the organisms are somewhat larger. They are actively motile. 

Staining properties. They are Gram-positive. 

Spore formation. Spore formation begins after twenty-four 
hours on glucose agar. Spores are usually central, but occasion- 
ally eccentric. Spores measure from 0.5 to 0.6 microns by 0.7 
to 1.0 microns. The protoplasm at the ends when attached may 
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shrink giving the appearance of a bulging cell. The protoplasm 
ordinarily remains attached to the spore. 

Growth on agar slant. Growth on agar slants is abundant, 
heavy white and wrinkled. During the first twenty-four hours 
the growth appears moist and glistening, but later it becomes dry 
and dull. The growth is membranous and lifts easily from the 
agar. A decided odor is noted. 

Growth in agar stab. The growth is heavy and wrinkled on and 
near the surface, but very faint further down along the line of 
inoculation. 

Agar colonies. Colonies after two days are spreading, white, 
ameboid with edges entire. The surface is finely granular. 

Growth in broth. A pellicle forms on broth, the liquid becoming 
slightly cloudy. 

Growth in gelatin stab. Growth is rapid, and liquefaction com- 
plete in two days at 18°C. 

Growth in litmus glucose agar stab. On litmus glucose agar 
stab a heavy surface growth appears with a faint growth along 
the line of inoculation. The medium becomes alkaline with a 
slight reduction at the bottom. Later the medium becomes 
alkaline from the top toward the bottom. 

Growth on potato. Growth on potato is profuse, spreading and 
slimy with a heavily wrinkled surface. Growth is grayish, and 
the potato is discolored to a brown or pink. 

Indole production. Negative. 

Reduction of nitrates. Nitrates are reduced on peptone or 
synthetic agar slants. 

Growth in litmus milk. The milk is peptonized completely. 
The color becomes purplish. 

Growth in glucose broth in fermentation tubes. The growth is 
luxur.ant with a pellicle in the open arm. No gas is produced. 

Growth in carbodydrates and related compounds. Acid is pro- 
duced in glucose, fructose, lactose, maltose, sucrose, raffinose, 
rhamnose, inulin, dextrin, starch, glycerol, mannitol, sorbitol and 
salicin, but not in xylose. The hydrogen ion concentration 
attained is from pH 5.6 to 6.0. 

This description is similar to that of Bacillus vulgatus Trevisan 
as given by Bergey (1930) or by Ford (1927). 
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THE SOURCE OF CONTAMINATING ORGANISMS 


When this problem was called to our attention it was believed 
that the chili sauce contained the contaminating organism. This 
was the natural conclusion, since the spoilage did not occur when 
the chili sauce was omitted in the preparation of dressings. With 
this in mind, microscopic preparations were made and examined, 
the chili sauce was plated on various types of agar, and inoculated 
into various broths, but no sign of living organisms could be 
noted. Samples were then obtained of the other ingredients of 
the dressing. 

Since Bachmann (1927) believed the eggs to be the source of 
contamination and Rettger (1914) showed the presence of aerobic 
spore formers in eggs, the frozen egg yolk was next examined. 
The product appeared to be normal in every respect. Micro- 
scopic examination showed the presence of non-spore forming, 
Gram-negative rods, but no spores or Gram-positive rods. Know- 
ing that if the spore formers were present they would be there 
in small numbers an attempt was made to kill off the non-spore 
forming bacteria and then by plating to recover the spore formers. 
With this in view 5 grams of the egg yolk were diluted with 100 
cc. of water heated for thirty minutes at 150°F. and then plated. 
The colonies found developing upon these plates were few in 
number and of one type. Microscopic examination showed the 
organisms to be Gram-negative, short rods. The organisms 
produced abundant acid and gas in carbohydrate media, reduced 
nitrates and formed indole. They failed to form spores. If any 
spores were present in the egg yolk, the characteristic colonies 
should have formed on the plates, but none of the colonies showed 
any resemblance to the colonies ordinarily formed by true bacilli. 

It did not seem to be possible that the spices could be the source 
of the contamination, since Bachmann (1916) showed that spices 
have some preservative value especially in concentrated form. 
Cutter (1922) found Cl. botulinum Holland growing in an acid 
tomato onion sauce. Bachmann (1923) found the same organism 
in a highly spiced mince meat and Albus and Ayers (1928) found 
that pimentos may have been the cause of gassy fermentation in 
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processed cheese. With these facts in mind a thorough study of 
all the ingredients was made. 

Approximately 0.1 gram of pepper, mustard, paprika, salt and 
sugar and 1 cc. of vinegar were plated directly using a peptone 
glucose agar. The three latter materials failed to produce 
colonies in two days at 25°C., but colonies developed on the 
plates from pepper, paprika and mustard. Only two colonies 
developed on the mustard plate, one a colon-type colony, the 
other similar in every respect to those from the dressing. The 
number of these colonies was not great, but since they spread so 
quickly, the plates were practically covered. Organisms were 
isolated from these plates. Comparative studies showed that 
the bacteria in the pepper and the paprika were identical with 
those previously isolated from the dressing. The organisms from 
the mustard showed but slight differences which suggests that 
they were a closely related species. 


STUDY OF OTHER SEPARATED DRESSINGS 


Other samples of separated mayonnaise, Thousand Island 
dressing, sandwich-spread and Russian dressing were studied in a 
similar manner. With the exception of a sandwich-spread, none 
of these materials showed an appreciable number of organisms 
and even after standing several months at room temperature no 
further change was noted. The separation was therefore believed 
to be due to an unstable emulsion. 

The sandwich-spread showed a number of spore formers 
present. Morphological and cultural studies of this organism 
showed it to be similar to, but not identical with, those previously 
described. Not all the ingredients were available for study in 
this case and therefore it was impossible to make a more complete 
study. Of those materials available the corn starch was the 
only one which contained spores of bacteria. 


METHODS OF "PREVENTING LOSSES 


Since it is impossible to sterilize the final product, some other 
method of preventing losses becomes necessary. Two methods of 
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attacking this problem are possible. In one, the acidity of the 
product may be increased so that organisms can not grow. This 
may be accomplished by the use of lactic acid as shown by 
Iszard (1927). It may also be accomplished by the addition of 
more vinegar, but difficulties may arise in that the emulsion 
may be unstable if too much vinegar is added as shown in the 
work of Bitting (1928). In certain cases, an acidity high enough 
to inhibit the growth of such organisms as these spore formers is 
undesirable. 

A second method of attack is to kill the organisms before the 
contaminating material is added to the product. In this case this 
would be the pepper and paprika, and possibly the mustard. 

A test was carried out in which the pepper, the paprika and 
the mustard were placed in vinegar, allowed to stand five minutes 
and then plated. The vinegar was then brought to a boil, the 
boiling continued for five minutes, samples being taken for 
plating at one minute intervals. Samples boiled for one minute 
showed a decided reduction in number of organisms and after 
three minutes no growth appeared in any of the samples. This 
method of sterilization could, of course, be applied to certain of 
the ingredients of the dressing only. 


CONCLUSION 


An outbreak of spoilage of Thousand Island dressing was found 
to be caused by an aerobic spore former, Bacillus vulgatus 
Trevisan. 

The contaminating organisms were found to come from the 
pepper and the paprika used in the dressing. 

Methods of sterilization may be of two types: (a) preparing a 
product of such acidity that it will not allow the growth of 
organisms, or (b) sterilization of the ingredient which contains 
the contaminating organisms. 
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Comparatively little work has been done on the dissociation 
of the diphtheria bacillus into smooth and rough forms, despite 
the fact that virulent and non-virulent strains of the diphtheria 
bacillus have been described as long ago as Roux and Yersin’s 
work in 1890. In 1897 Corbett and Phillips actually showed 
that a pure line culture of the diphtheria bacillus yielded two 
types of colonies, one virulent and the other non-virulent. In 
1898 Slawyk and Maincatide may well have been describing 
smooth and rough colonies when they stated that among 30 
strains of the diphtheria bacillus they found one kind of colony 
which was convex and glistening and another kind which was 
flat and dull. It was not, however, until nearly thirty years 
later that it was shown that virulence was associated with the 
smooth type of colony, and non-virulence with the rough type. 
Cowan in 1927 showed that a stock culture of the Park 8 strain 
split into a smooth, virulent and a rough, non-virulent form. 

In the present study an attempt has been made to answer 
the following questions: 

1. Is virulence always associated with the smooth form of the 
diphtheria bacillus and non-virulence with the rough form? 

2. Is toxin formation related to the morphological difference 
in the colonies? 

3. Is it possible to transform at will the smooth form into the 
rough form, and vice versa? If so, under what conditions does 
this transformation take place? 

107 





108 H. YU 


4. Which forms are found in the acute stage, the convalescent 
stage and the carrier stage of diphtheria? 

5. Do the rough forms possess any immunizing value? 

In addition, it was kept in mind that the objection might be 
raised that rough, non-virulent bacilli found in throat cultures, 
although they might resemble diphtheria bacilli under the micro- 
scope and even in fermentation reactions, might not be true 
diphtheria bacilli. This objection is difficult to meet conclusively, 
but if it were possible to show that rough forms could be derived 
in the test tube from a pure, smooth culture, and that these rough 
forms were similar in every respect to those found in throat cul- 
tures, it would be very strong evidence that the rough forms 
occurring in the throat were genuine diphtheria bacilli. 


MATERIAL 


With the above problems in mind, the study was commenced by 
securing throat cultures from diphtheria cases at different stages 
of the illness. 

The surface growth on the Loeffler slant was washed off with 
about 5 cc. of hormone broth and gently emulsified. A loopful 
of the emulsion was then streaked on each of two blood agar 
plates. The blood agar plate was used because it was easy to 
pick out the colonies of diphtheria bacilli from those of strepto- 
cocci and pneumococci. The plates were carefully examined 
the next morning, after about twenty hours’ incubation, under the 
stereoscopic binocular microscope. Diphtheria-like colonies were 
picked out and replated on blood agar plates. After the second 
plating, colonies—whether rough or smooth—which showed 
characteristic diphtheria bacilli were transferred to Loeffler’s 
slants, and the fermentation reactions and virulence tested. 

In the acute stage, 47 throat cultures were studied, and all 
showed smooth colonies only. 

In the convalescent stage, among 79 cultures 16 were found 
with both rough and smooth colonies. 

In the carrier stage, the 3 cases that were investigated showed 
both types of colonies. 

Thirty-one cases of clinical diphtheria were cultured system- 
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atically up to the time of their release. In the acute stage, no 
rough forms were found, but in 5 cases the cultures for release 
showed a few rough colonies. 

Lastly, a culture of the Park-William 8 strain that was being 
used for toxin production was studied carefully. Colonies were 
found which appeared to be intermediate in type. They had a 
granular surface, but were not so rough as the rough forms 
found in throat cultures. 


Examination of material 


The various strains that had been obtained from these sources 
were examined for their morphological and cultural character- 
istics, their fermentation reactions, their virulence, their toxin 
production, and their immunizing properties. 

Morphology and cultural characteristics. The smooth forms are 
generally thinner, longer and more striated than the rough forms, 
which are apt to be somewhat short, plump, and to stain uni- 
formly. The smooth colonies are glistening and whitish in colour, 
while the rough colonies are smaller, denser, more granular and 
greyish in colour. The smooth type forms a thick pellicle on 
broth with little growth at the bottom of the tube, while the 
rough form, when freshly isolated, forms no pellicle at all and 
tends to grow at the bottom of the tube. On passage in broth a 
thin pellicle is ultimately formed. The surface growth on a 
Loeffler slant of the smooth organism can be emulsified into a 
uniformly turbid suspension, but the rough form, similarly 
treated, gives a granular suspension. 

Fermentation reactions. There has been considerable discus- 
sion as to the reliability of fermentation in differentiating the 
diphtheria bacillus from the diphtheroids. However, many 
reliable workers, including A. Knapp (1904), Hans Zinsser (1907), 
J. G. Fitzgerald (1924), C. C. Okell and Baxter (1924), working 
with a great number of strains of diphtheria bacilli as well as with 
diphtheroids, have come to the conclusion that the fermentation 
test does differentiate the Klebs-Loeffler bacillus from the other 
organisms. Two-hundred and sixteen cultures of diphtheria 
bacilli were studied, of which 164 were smooth forms and 52 were 
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rough. These, as well as cultures of B. hoffmanni and B. zerosis, 
were tested in serum water media containing glucose, dextrin and 
sucrose. The tubes were read seven days after inoculation. All 
the diphtheria bacilli formed acid in glucose and dextrin serum 


Fig. 1. Smootn Tyre CoLonius 
Fic. 2. Roven Type Co.Lonies rrom Trroat CuLture 
Fic. 3. InTerMeDIATE Type CoLoNies From Park 8 Srrain 


water, but not in sucrose. The rough forms gave the same fer- 
mentation reactions as the smooth forms. 

Virulence. In testing for virulence, the various strains were 
grown for twenty-four hours on Loeffler’s medium. The growth 
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on the slant was washed off in 10 cc. of saline and 0.1 cc. of this 
emulsion was injected intradermally into each of 2 guinea pigs, 
one normal and the other protected with 500 units of antitoxin. 
In general, 5 strains were tested on each pair of guinea pigs. 
Two-hundred and sixteen strains were tested in this way with the 
following result: 164 strains were smooth and 146 of these were 
virulent and 18 avirulent; the 18 avirulent smooth forms were all 
obtained from convalescents or carriers; 52 strains were rough 
and all were avirulent. 

Toxin production. In testing for the production of toxin, the 
procedure was as follows: Cultures were transplanted daily for 
three days in broth, and then a piece of pellicle was inoculated 
into 40 cc. of special broth contained in a 300 cc. flask. The 
special broth was prepared according to Harrison’s formula, 
from the United States Hygienic Laboratory. The initial pH 
of the broth was 7.3. The inoculated broth was incubated for 
five days at 36°C., the reaction of the broth being checked daily. 
At the end of the incubation, the culture was centrifuged, the 
supernatant fluid filtered through a Berkefeld ‘‘N”’ filter, and the 
filtrate tested for toxicity by guinea pig injection. Twelve 
rough strains and 5 avirulent, smooth strains were found to be 
completely atoxic. The cultures remained acid during the incu- 
bation period, and 5 cc. of the filtrates had no effect whatever on 
guinea pigs, when injected subcutaneously. Five smooth, virulent 
strains were tested. Two out of the 5 produced a toxin with a 
M.L.D. of 0.004 cc. The remaining 3 strains, although virulent, 
produced a toxin with a m.L.p. of 1.0 cc. It is interesting that 
these 3 strains were isolated from the throats of 3 different car- 
riers. The toxicity of the cultures of the 2 types of colonies iso- 
lated from the Park 8 strain was tested intracutaneously on 
guinea pigs. The filtrates were first diluted 1:500 and then 
titrated (table 1). 

Table 1 shows that the smooth colony type of Park 8 strain 
produces a toxin at least 5 times stronger than the toxin produced 
by the intermediate colony type. 

Immunizing properties. Guinea pigs were injected both sub- 
cutaneously and intraperitoneally with filtrates of cultures of the 
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rough colony organisms. Three weeks after the last injection of 
rough filtrate, the guinea pigs were tested with 1 M.L.p. of toxin. 
All the animals died within six days. The rough filtrates, then, 
produce no antitoxic immunity whatever. 

The experiment was repeated, using the filtrates of smooth 
avirulent organisms. Again no immunity resulted. 

As was to be expected, the injection of living, rough bacilli 
did not confer any immunity on guinea pigs, the subsequent 
injection of living, smooth, virulent organisms being fatal to these 
animals. 


TABLE 1 





1:500 FILTRATE FROM PARK 8 1:500 FILTRATE FROM PARK 8 


SE er eae SMOOTH COLONY INTERMEDIATE COLONY 





ee 


0.125 ++++ +++? 
0.08 ++++ +t+++ 
0.04 ++++ +++ 
0.01 TTT? ++ 
0.005 >? + 
0.0025 +++ 
0.0015 ++ 
0.001 0 











IN VITRO EXPERIMENTS ON THE DISSOCIATION OF THE DIPHTHERIA 
BACILLUS 


1. Attempt to dissociate the “S,” or smooth form, into the “R,’’ or 
rough form, by means of incubation at a temperature of 45° 


Hewlett and Knight (1897) reported that virulent diphtheria 
bacilli were changed into avirulent vacilli by seventeen hours’ 
exposure at 45°C. Accordingly, 5 smooth, virulent toxic strains 
were incubated at 45° for seventeen hours for 20 passages, plating 
out on blood agar plates and incubating the plates at 37°C. 
between each 45° cultivation. Examination of the plates usually 
showed only a few scattered colonies, but these were as smooth 
and glistening after the twentieth passage as were the original 
colonies. A Loeffler slant at 36°C. after the tenth passage, how- 
ever, was completely avirulent for guinea pigs. Examination of 
all the strains at the end of the experiment showed that they were 
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all atoxic as well as avirulent. Hewlett and Knight’s work was 
thus confirmed, but no dissociation into the ‘‘R’”’ form had taken 
place under these conditions. 


2. Attempt to dissociate the “‘S’’ form into the “R”’ form by means of 
cultivation in antitoxric serum 


Observations on the transformation of toxic and virulent 
strains of diphtheria bacilli into atoxic and avirulent strains have 
been made by Bernhardt (1916), Levinthal (1926), Becker (1927), 
and recently by Jungeblut (1928). Jungeblut, after cultivating 
2 strains of diphtheria bacilli in broth containing normal horse 
serum on the one hand and antitoxic serum on the other, found 
that the cultures in normal horse serum broth remained un- 
changed, but that the cultures in the antitoxic serum broth lost 
their capacity to produce toxin after 6 passages in this medium, 
while retaining their virulence of guinea pigs. 

Five strains of smooth, virulent, toxic bacilli were cultivated 
in 3 different media. 

a. 1.0 ce. normal horse serum + 4.0 cc. of broth. 

b. 1.0 ec. of concentrated antitoxic serum (10,000 units per 
cubic centimeter) + 4.0 cc. of broth. 

c. 1.0 ce. of unconcentrated antitoxic serum (50 units per cubic 
centimeter) + 4.0 cc. of broth. 

After 10 passages, none of the strains in any of the 3 mediums 
showed any colony difference; so they were then cultivated in 
undiluted normal horse serum and undiluted antitoxic serum for 
another 10 passages. Still the appearance of the colonies was 
unchanged, being perfectly smooth and glistening, while the mor- 
phology of the bacteria also remained normal. Cultures from 
both the normal serum and the antitoxic serum were tested at the 
end of the experiment for virulence and toxin production. Both 
sets of cultures were virulent, and the m.L.p. of the toxin pro- 
duced was about 0.02 cc. 

No dissociation into the ‘“R” form occurs, then, if ‘‘S’’ strains 
are cultivated in antitoxic serum. 
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3. Attempt to dissociate the “‘S”’ form into the “R”’ form by means of 
cultivation in anti-bacterial serum 


The method used for the production of anti-bacterial serum was 
similar to that used by Fitzgerald and Doyle (1923) in making 
agglutinating serum for B. diphtheriae, except that the cultures 
were washed 3 times instead of 14 times, as in Fitzgerald and 
Doyle’s technique. A suspension of the washed bacilli of 10 
strains of smooth virulent organisms was made up and injected 
into rabbits in the following way: 

a. 1.0 cc. of the suspension was heated to 60°C. and injected 
subcutaneously. 


b. One week later, 2.0 cc. of the heated suspension was in- 
jected subcutaneously. 


c. One week later, 2.0 cc. of the unheated suspension was in- 
jected intravenously. 

d. One week later, 5.00 cc. of the unheated suspension was in- 
jected intravenously. , 

e. One week later, 10.0 cc. of the unheated suspension was 
injected intravenously. 

Rabbits were bled seven days after the last injection. The 
sera so obtained usually agglutinated in a concentration of 1:3000. 
They also contained a small amount of antitoxin—about 2.0 
units per cubic centimeter. 

The serum of one such rabbit was distributed into small tubes, 
each tube containing 0.5 cc. of the undiluted serum. A 
similar set of tubes, each containing 0.5 cc. of normal rabbit 
serum was prepared at the same time. Five strains of smooth, 
virulent toxin-producing diphtheria bacilli, together with a strain 
of B. xerosis, were cultivated in the anti-bacterial serum and in the 
normal serum. Sub-cultures were made every other day and 
plates streaked at the same time. On the tenth passage a few 
rough colonies were observed in 2 out of the 5 strains. These were 
replated and found to produce rough colonies only. The other 
3 strains were then transferred to the serum of another immunized 
rabbit and cultivated as before. After the sixth passage a few 
rough colonies were seen in one strain, and the number of rough 
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colonies increased with the number of passages until, at the 
twentieth passage, there were an equal number of rough and 
smooth colonies. The remaining 2 strains and the culture of 
B. xerosis underwent no change. 

The rough colonies were tested and found to conform in every 
way to those found in the throats of convalescents. The mor- 
phology of the bacilli and the appearance of the colonies were 
indistinguishable from those of the rough forms described earlier 
in this paper, the fermentation reactions were typical, the strains 
were totally avirulent and atoxic and they produced no immunity. 
No explanation was found to account for the fact that 2 of the 
strains cultivated under these conditions remaining unchanged 
during 30 passages. 


4. Attempt to change the “R’’ form back into the “S” form by 
animal inoculation 


One rough strain, transformed from the smooth form by means 
of cultivation in anti-bacterial serum, and the Park 8 inter- 
mediate form were used. The organisms were grown separately 
in 100 ce. of broth, the cultures were then centrifuged and the 
sedimented bacilli resuspended in 2 cc. of saline. Each sus- 
pension was injected into a guinea pig subcutaneously. With 
the rough organisms an abscess formed at the site of injection, 
but cultures of the pus showed pure cultures of the ‘“R”’ form. 
The guinea pig injected with the Park 8 strain died andcultures 
showed intermediate forms only. 


5. Attempt to change the “R” form back into the “S”’ form by culti- 
vation in “‘R”’ antibacterial serum 


For this experiment serum was prepared in the same way as 
with the “S” anti-bacterial serum, but rough bacilli were used 
instead of the smooth, virulent organisms, and the suspensions 
were not heated for any of the injections. Two rough strains 
were cutivated in this ““R’’ anti-bacterial serum and showed no 
change after 15 passages. 
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DISCUSSION 


In the light of the investigations and experiments that have 
been recorded above, the questions that were posed in the be- 
ginning of this paper can now be discussed. 

Is virulence always associated with the smooth form of the 
diphtheria bacillus and non-virulence with the rough form? 
The answer to the first part of the question is in the negative, as 
many typically smooth forms were found that lacked virulence, 
although it is significant that these smooth, avirulent forms were 
only found in the convalescent stage and not in the acute stage 
of the disease. Whether they are, or are not intermediate forms 
between the smooth and the rough forms is not known at present. 
The answer to the second part of the question is in the affirmative, 
as was of course to be expected. All the rough forms tested were 
completely avirulent. This is in conformity with the most im- 
portant characteristic of the ““R”’ forms of the majority of patho- 
genic organisms. 

Is toxin formation related to the morphological difference in 
the colonies? The answer to this question is closely parallel 
to what has been said about virulence. The rough forms are 
always atoxic, but some of the smooth forms produce no toxin. 
It is interesting that in the throats of carriers, smooth forms were 
found which, although virulent by the usual test, formed only 
a very feeble toxin. Attention has been called to the fact that 
the Park 8 strain produces a powerful toxin and yet is not very 
virulent, so that the reverse picture described here is additional 
evidence that there is another factor in virulence beside the 
ability to produce a strong toxin. 

An intermediate form was found in studying a culture of the 
Park 8 strain. This was not a glistening, smooth colony, nor was 
it a typical rough. It produced a toxin which, although fairly 
strong, was yet very definitely weaker than that produced by the 
smooth Park 8 colony. 

Is it possible to transform at will the “‘S” form into the “R”’ 
form and vice versa? If so, under what conditions does this 
transformation take place? The loss of virulence or the capacity 
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to produce toxin has been reported many times in the literature, 
and in some cases this has been brought about by subjecting the 
virulent, toxic bacilli to an abnormal cultural environment. 
The experiments described in this paper, however, show that this 
loss in biological activity is not accompanied by any change in 
morphology or colony formation. Apparently the only condition 
which results in the transformation into the “R’’ form is the 
presence of specific anti-bacterial serum in the culture medium 
and even strong, undiluted antitoxic serum does not bring about 
this change. “‘R” forms occur in the throats of convalescent 
cases, and it would thus seem probable that the in vivo trans- 
formation is due to the anti-bacterial antibodies in the patient’s 
tissues and not to the antitoxin antibodies. Carriers have been 
treated by the injection of diphtheria bacilli vaccines in order to 
rid the throat of the organisms, so far with very little success, but 
this treatment should have raised the anti-bacterial content in 
tissues and it is at least possible that the bacilli which persisted 
after the treatment were rough forms and therefore innocuous. 

Experimentally it has been proved that the rough, avirulent, 
atoxic diphtheria bacillus is a variant of the smooth, virulent, 
toxic organism, but it has not been possible either in vitro or in 
vivo to change the “R”’ form back into the “‘S.”’ Although this 
reversion cannot be demonstrated, there is always the possibility 
that it may take place in the human body under conditions of 
which we are at present ignorant. 

Which forms are found in the various stages of the disease? 
In the acute stages only the “‘S’” forms are found. The “R”’ 
forms begin to make their appearance during convalescence and 
this is presumably the result of the elaboration of anti-bacterial 
antibodies in the patient. Avirulent “‘S’’ forms also occur later 
in the disease and it is possible that this change may be brought 
about by the antitoxic antibodies. 

Do the rough forms possess any immunizing value? As was 
to be expected, the “R”’ forms have no immunizing value whatever. 

The “R” forms, which were derived from pure cultures of the 
“S” forms in vitro resembled in every particular the ‘“R’’ forms 
isolated from convalescent diphtheria cases and carriers, and this 
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constitutes very strong evidence that the latter forms were genu- 
ine diphtheria bacilli and not diphtheroids. 


SUMMARY 


1. Forty-seven cultures of diphtheria bacilli isolated from 
patients suffering from diphtheria showed smooth, virulent forms 
only. Of 79 throat cultures from diphtheria patients during the 
convalescent stage, sixteen cultures showed the presence of both 
smooth and rough forms of diphtheria bacilli. 

2. Thirty-one cases of clinical diphtheria were cultured at 
different stages, from the onset of illness up to release. Not a 
single rough form was found during the acute stage, but 5 cases 
showed the presence of rough types of diphtheria bacilli from 
cultures for release. 

3. In 3 cases of carriers which were studied, the rough forms of 
diphtheria bacilli formed the predominating type. 

4. One culture of Park 8 diphtheria bacilli was dissociated into 
smooth and intermediate types by repeated plating on blood agar 
plates, and while both forms produced toxin, the smooth type 
produced a much more potent toxin than did the intermediate 
type. 

5. Sugar fermentations give reliable data for the recognition 
of diphtheria bacilli, but do not differentiate the smooth from 
the rough type, nor the virulent bacilli from the avirulent. 

6. The virulence of 216 strains of diphtheria bacilli was tested. 
Fifty-two were rough forms and were all found to be totally 
avirulent and atoxic. One hundred and sixty-four were smooth 
in cultural characteristics but while 146 were virulent, 18 of them 
were avirulent. All the avirulent forms were isolated from 
patients during the convalescent stage or from carriers. These 
18 cultures demonstrate that while loss of toxicity is usually 
associated with the cultural characteristics spoken of as “rough,” 
a diphtheria culture may retain its smooth form and still have 
lost its toxic properties. 

7. Toxicity tests were made on 12 strains of rough types of 
diphtheria bacilli and 6 strains of rough types transformed from 
smooth types. They were totally atoxic. Avirulent, smooth 





STUDY ON DISSOCIATION OF DIPHTHERIA BACILLUS 119 


forms were also found to be atoxic, while 3 strains of virulent, 
smooth forms isolated from carriers were toxic, although the toxin 
produced by them was weak. 

8. Eighteen guinea pigs immunized with filtrates of the rough 
cultures of diphtheria showed no protection against the filtrates 
of toxic, smooth types of diphtheria bacilli. 

9. Eleven guinea pigs immunized with cultures of the rough 
type of diphtheria bacilli showed no protection against the smooth 
types of virulent diphtheria bacilli. 

10. By means of repeated exposure of virulent cultures to a 
temperature of 45°C. for seventeen hours the virulence can be 
reduced, but this treatment has no effect upon the appearance of 
the colonies. 

11. Smooth,virulent diphtheria bacilli inoculated into diphtheria 
antitoxin-broth mixtures and then into pure antitoxin showed no 
change after 20 passages, while 3 out of 5 strains of diphtheria 
bacilli tested showed a change of smooth type to rough type after 
subculturing in anti-bacterial serum. 

12. Various attempts were made to transform the rough type 
of diphtheria bacilli into the smooth type again by means of 
growing the rough type in the toxin-broth mixture, animal inocu- 
lation and subculturing in antibacterial serum of rough diph- 
theria bacilli. By none of the above mentioned methods was it 
found possible to convert the rough type back to the smooth type. 


CONCLUSIONS 


1. Smooth, virulent and toxic diphtheria bacilli are trans- 
formed to non-virulent, “‘R’’ forms in the throats of patients 
during convalescence. 

2. The transformation may pass through an intermediate stage 
in which diminished toxin formation is not associated with 
morphological change. 

3. Invitro experiments indicate that the dissociation ‘“‘S’’ -“‘R” 
is governed by contact with anti-bacterial rather than with 
antitoxic serum. 

4. The vaccination of carriers of “‘S’’ diphtheria bacilli with “S’”’ 
vaccine is thus rendered logical. 
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Voges and Proskauer (1898) described the production of an 
eosin-like coloration in glucose peptone cultures of certain organ- 
isms to which had been added a 10 per cent solution of potassium 
hydroxide. The reaction is generally referred to as the V-P 
test and serves as a valuable aid to the identification and differ- 
entiation of microérganisms. 

The reaction depends upon the production of acetoin (ace- 
tylmethyl carbinol), a non-volatile reducing substance. Ac- 
cording to Harden (1905) acetylmethyl carbinol is oxidized upon 
the addition of KOH and in the presence of peptone there is 
imparted an eosin-like coloration to the medium. Later Harden 
and Norris (1911) reported that diacetyl in the presence of strong 
KOH solution reacts with proteins to give a pink coloration with 
a green fluorescence. The coloration appears to depend on the 


group 


R NH; 
i. 4 
N-C 
VA \ 
H NH 


although the significance of the radical R is uncertain. The 
Voges-Proskauer reaction may be indicated as follows: 

C.H»0. — CH; - CO - CHOH - CH; + KOH — 

glucose acetylmethyl carbinol 


CH, - CO — CO - CH; + peptone — pink coloration 


diacetyl 
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Harden and Norris (1912) explained the production of acetyl- 
methyl carbinol and 2,3-butylene-glycol by assuming a condensa- 
tion of intermediately formed acetaldehyde. Subsequently Neu- 
berg and Reinfiirth (1923) showed that if acetaldehyde is added 
to a sugar-containing medium undergoing fermentation by yeast, 
acyloin condensation occurs, one molecule of added aldehyde 
uniting with one molecule of aldehyde produced by the yeast. 
The added aldehyde is thus converted practically completely into 
acetylmethyl carbinol. Neuberg sees in this aldehyde condensa- 
tion, a carbon-coupling action of yeast under the influence of an 
enzyme which he terms carboligase. 

The eosin coloration of the positive V-P test is apparent only 
after a period of an hour or longer, and in the case of a number of 
microérganisms is faint and indistinct, making reading of the 
test uncertain and unreliable, especially in colored media. Among 
the attempts which have been made to improve the method of 
conducting the test, may be mentioned that of West (1909) who 
conducted air through the medium to hasten the reaction. Chen 
and Rettger (1920) suggested shaking and incubating at 30°C. 
for one to three hours and again shaking. Attempts also have 
been made to add oxidizing agents to increase the rate of oxida- 
tion of the acetylmethyl carbinol to diacetyl. Levine, Weldin, 
and Johnson (1917) after a study of various oxidizing agents, 
recommended the addition of two or three drops of hydrogen 
peroxide to 6 cc. of the alkaline medium heated in a boiling water 
bath for two minutes. The use of hydrogen peroxide was not 
entirely satisfactory when the medium was colored as was the 
case when a glucose or galactose medium was used. The diffi- 
culty with a glucose medium is especially important since the 
V-P test applies particularly to a glucose medium. 

With sucrose, mannitol, raffinose, and salicin, the hydrogen 
peroxide method was found to give results as good as were ob- 
tained by reading the standard test after twenty-four hours. 
Bedford (1929) used sodium peroxide, adding 10 mgm. sodium 
peroxide to 2.5 ce. of the culture medium. One cubic centimeter 
of 40 per cent NaOH was then added and the culture tube placed 
in boiling water for one minute and then shaken. 
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An important difficulty experienced in the use of oxidizing 
agents is the transitory nature of the coloration of the positive 
cultures. Any method which results in the rapid disappearance 
of the coloration is inconvenient and likely to prove unsatisfac- 
tory, particularly since the eosin coloration is rather delicate. 

The method to be described utilizes ferric chloride as a catalyst 
and avoids the disadvantages of the original V-P test or its modi- 
fications. The positive test is indicated by a deep copper colora- 
tion which appears at the surface after a few minutes and extends 
to the bottom of the tube. The color remains for several days 
and even after a week or longer it is clearly visible. The test may 
be positive for cultures of organisms belonging to the genus 
Aerogenes after three days’ incubation at 30°C., but four-day 
cultures are recommended for standard procedure. Two drops 
of a 2 per cent solution of ferric chloride are added to 5 cc. of the 
culture. Five cubic centimeters of a 10 per cent solution of 
NaOH are now added and the tube shaken. The solution of 
ferric chloride must be added before addition of the sodium hy- 
droxide solution; addition after the alkali results in a marked 
flocculation. 

The reaction may be accelerated by heating the culture for 
one minute in boiling water. The advantages are not great and 
it is doubtful whether heating is to be recommended. Only the 
original culture, or the culture with ferric chloride, should be 
heated. Addition of the alkali before heating may result in 
browning if unfermented glucose is present. 

In the positive tube, two distinct layers of coloration may be 
observed. The upper is a copper color; the lower layer is the 
eosin pink of the standard V-P test. The copper color soon 
extends to the bottom of the tube. Acetylmethyl carbinol may 
be detected in three-day cultures when the standard technic 
fails to show its presence. Since the color of a positive test is 
that of bright copper, reading of the test is definite and certain. 
The color remains for days and sometimes as long as two or three 
weeks. There is no danger of failure to observe the positive 
test. 

The ferric chloride hastens the oxidation of the acetylmethyl 
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carbinol to diacetyl which reacts with peptone in an alkaline solu- 
tion to produce the copper coloration. The ferric chloride ap- 
pears to catalyze the oxidation of the acetylmethy] carbinol since 
the reaction does not take place in the absence of a hydrogen ac- 
ceptor. Thus the reaction does not occur in the absence of at- 
mospheric oxygen if no other suitable hydrogen acceptor has been 
provided. Apparently, this is the first time an improvement of 
the V-P test has been sought in the use of a chemical catalyst. 
Former attempts have used oxidizing agents which resulted in 
rapid oxidation and the transitory appearance of the eosin 
coloration. 

Ferric chloride will not result in the oxidation of 2,3-butylene- 
glycol under the conditions of the test, and any organism which 
may have reduced the acetylmethyl carbinol to 2, 3-butylene- 
glycol will not give a false Voges-Proskauer reaction. 

To show this, a medium of 2,3-butylene-glycol! (0.2 per cent), 
(NH,). So, (0.2 per cent), K,HPO, (0.1 per cent) sterilized for fif- 
teen minutes at 20 pounds pressure, was prepared in tubes and in- 
oculated with strains of Aerobacter aerogenes, A. faeni, A. pectino- 
vorum, A. motorium, A. mitificans and A. indologenes. Acetyl- 
methyl carbinol was detected in cultures of all the organisms 
on the second day by the use of ferric chloride. Uninoculated 
tubes to which ferric chloride and KOH had been added did not 
give positive tests. Cultures from which atmospheric oxygen 
was excluded by boiling the constituents were negative. 

This modification has been used during the past three years in 
comparison with the standard procedure by graduate students on 
over 600 cultures, some negative, others positive, and no dis- 
crepancies have been found. More than 40 species of bacteria 
have been represented in these tests. 


REFERENCES 


Beprorp, R. H. 1929 A rapid method for obtaining the Voges-Proskauer re- 
action. Jour. Bacteriol., 18, 93-4. 

Cuen, Coen Coone and Retroeer, Leo F. 1920. A correlation study of the 
colon aerogenes group of bacteria, with special reference to the organ- 
isms occurring in the soil. Jour. Bacteriol., 5, 253-99. 





1 Breden, C. R., Fulmer, E. I., Werkman, C. H., and Hixon, R. M., Jour. 
Bacteriol., 19, 41, (1930). Prepared by the action of Aerobacter faeni on glucose. 





IMPROVED TECHNIC FOR VOGES-PROSKAUER TEST 125 


HARDEN, A., AND Norris, D. 1912 The bacterial production of acetylmethy! 
earbinol_ and 2,3-butylene-glycol from various substances. Proc. Roy. 
Soc. (B), 85, 73-8. 

HARDEN, A., AND Norris, D. 1911 The diacetyl reaction for proteins. Jour. 
Physiol., 42, 332-6. 

Levine, Max, Weupin, J. C., anp Jounson, Beryt R. 1917 The Voges- 
Proskauer and correlated reactions of coli-like bacteria. Jour. Infect. 
Dis., 21, 39-46. 

Nevsera, C., aND Rernriiztu, E. 1923 Eine neue form der Unwandlung des 
Acetaldehyde durch girende Hefe. Biochem. Zeitschr., 143, 553-65 

Voces, O., aND Proskaver, B. 1898 Beitriige zur Ernaihrungsphysiologie und 
zur differential diagnose der Bakterien der hemmorrhagischen septi- 
camie. Zeit. fiir Hyg., 28, 20-32. 

West, F. D. 1909 Notes on the Voges and Proskauer reaction for Bacillus coli 
co-mmunis. Amer. Jour. Pub. Hyg., 19, 227. 








THE GROWTH OF BACTERIA IN A CONTINUOUS FLOW 
OF BROTH 


L. A. ROGERS anp E. O. WHITTIER 
Research Laboratories, Bureau of Dairy Industry, United States Department of 
Agriculture 


Received for publication April 7, 1930 


While we are in the habit of restricting the conception of a 
bacterial colony to aggregates of cells on solid media, growth in 
fluid media follows the same general course and for purposes of 
comparison may be considered as a colony. 

The growth curve for a colony of bacteria in a fluid me- 
dium follows very closely that of a colony of multicellular 
organisms up to the time when the maximum number is ap- 
proached. When the normal population is reached in the usual 
colony of multicellular organisms it continues approximately 
level with only a slow increase or decrease, while the bacterial 
colony soon passes into a period of rapid decline. The analogy 
between the two kinds of colonies is not perfect because of the 
difference in conditions. In a colony of multicellular animals 
there is a constant supply of food, and natural or artificial pro- 
vision for the removal of the products of metabolism. In the 
bacterial colony the quantity of food is limited and the products 
of growth accumulate. If the bacterial colony should be main- 
tained under conditions which would permit a continuous supply 
of nutritive material and the removal of the products of growth, 
would the population be limited to its normal number and would 
it maintain itself indefinitely? 

It is well known that colonies of bacteria do maintain them- 
selves indefinitely, under certain natural conditions. An infected 
tonsil or a pus sac on a dead tooth harbor colonies of bacteria 
which may persist for years, and in which it is probable that the 
bacterial population is fairly constant. 
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Experiments designed to answer these questions were made in 
a culture flask (fig. 1) holding about 75 ec., provided with an inlet 
tube into which broth from a supply flask flowed. The rate of 
flow was regulated to about one drop per minute. This rate was 
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sufficient to displace the medium in the flask once in 24 to 30 
hours. Since the tube from the supply flask projected into the 
center of the inlet tube there was no chance for growth to work 
back into the supply flask. An overflow tube projected into a 
large vertical tube plugged with cotton at the top and trapped at 
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the bottom. Samples were taken from the culture flask by a 
siphon protected at the outlet by a tube plugged with cotton. 

The broth contained only a trace of sugar to obviate the in- 
hibiting effect of a high hydrogen-ion concentration. 

In table 1 are shown the results cbtained when a culture of 
Str. lactis was grown under these conditions at 30°C. In this 
experiment the population was maintained at a normal level for 
many days. On the sixteenth day, a failure of the regulating 


TABLE 1 
Str. lactis in continuous flow of low sugar broth 
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device caused all of the broth in the supply flask to flow through 
the culture flask in one night so that the medium was changed 11 
times in a few hours. The count made the following day showed 
a normal population but, since some hours had elapsed, it does 
not necessarily follow that this number had been maintained 
throughout the rapid flow. 

Similar results, shown in table 2, were obtained with Esch, coli 
which maintained a constant population in flowing broth for 30 
days. 

All of our previous experiments on the effect of Sir. lactis and 
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Esch. coli on each other would lead us to expect that these two 
organisms would not grow equally well in the same flask. Table 
3 gives the results obtained when they were inoculated together 
in a flask through which a low sugar broth was flowed slowly for 


TABLE 2 
Esch. coli in continuous flow of low sugar broth 
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19 days. The total count was obtained on a medium containing 
milk powder and tomato juice on which both cultures grew 
readily and the Esch. coli count on an ammonium phosphate agar 
on which Str. lactis did not grow. The lactic colonies were 
obtained by difference. The synthetic medium did not support 
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an active growth of the Esch. coli culture and it is possible that the 
count obtained was below the number actually present. The 
discrepancy between the coli counts in tables 2 and 3 may be due 
to this factor rather than to the inhibiting effect of the lactics. 

There was evident at the beginning an inhibition of the Sir. 
lactis but in 8 days a normal population had been reached. 








TABLE 3 
Esch. coli and Str. lactis in continuous flow of low sugar broth 
AGE PEN CENT OF CAPACITY COLI ar J CENTI- | LACTIC a CENTI- 
days 
1 42.8 267 ,000 ,000 245 ,000 ,000 
2 71.4 436 ,000 ,000 274,000 ,000 
3 71.4 2,330 ,000 ,000 195 ,000 ,000 
4 57.1 3,060 ,000 ,000 770 ,000 ,000 
5 57.1 3,525 ,000 ,000 470 ,000 ,000 
6 50.0 2,550,000 ,000 725 ,000 ,000 
7 96.4 2,965 ,000 ,000 700 ,000 ,000 
8 125.0 1,455,000 ,000 2,000 ,000 ,000 
9 107.1 1,045 ,000 ,000 2,125,000 ,000 
10 128.5 1,750,000 ,000 1,640,000 ,000 
11 92.8 1,880 ,000 ,000 1,555,000 ,000 
12 196.4 1,740 ,000 ,000 1, 460 ,000 ,000 
13 125.0 655 ,000 ,000 2,020,000 ,000 
14 85.7 850 ,000 ,000 2,500 ,000 ,000 
15 192.8 2,720 ,000 ,000 1,270,000 ,000 
16 114.2 1,480,000 ,000 2, 250 ,000 ,000 
17 135.7 980 ,000 ,000 900 ,000 ,000 
18 121.4 146 ,000 ,000 714,000 ,000 
19 117.8 173 ,000 ,000 717 ,000 ,000 














In the latter part of the experiment there was a distinct falling 
off in the number of Esch. coli but, in refilling, the culture flask was 
contaminated and the experiment terminated before definite 
results were obtained. 

In all of these experiments the population level was maintained 
in spite of the heavy emigration of cells from the culture. If the 
cells were evenly distributed throughout the medium it would be 
necessary for the culture to reproduce itself completely about 
once every 30 hours, and in some cases even more frequently. In 
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this respect the conditions were not exactly comparable to those 
in a colony of multicellular organisms and another experiment 
was devised which, in some measure at least, overcame this 
objection. 
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Fig. 2. Fuask ARRANGED TO Remove OverFrLow Txrrovas FILTer 


In this experiment the broth flowed into the culture flask 
(fig. 2) as usual but the overflow was carried off through a Berke- 
feld filter suspended in the culture. The accumulation of cells 
on the surface of the filter was reduced to a minimum by a 
revolving brush. The brush rotated constantly but it was neces- 
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sary to turn the filter manually at frequent intervals to expose the 
entire surface to the action of the brush. When the filter was 
removed at the end of the experiment it was free of sediment 
except on the end where the brush did not reach. The flow of 
broth into the culture was regulated to balance as closely as 
possible the outflow through the filter. The greater part of the 
time about one-third of the filter was submerged and there was 
no great variation in the volume of the culture. 

The rate of flow was sufficient to change the broth in the culture 
flask from once to over five times every 24 hours. An active 
culture of Sir. lactis was used. The results are given in table 4. 


TABLE 4 
The growth of Str. lactis in a continuous flow with surplus removed by filtration 





OVERFLOW 


AGB URGE INOUULATION PER CENT OF CAPACITY OF FLASK 


BACTERIA PER CUBIC CENTIMETER 





hours 
24 185 
41 414 
65 557 243 ,000 ,000 
89 428 355 , 800 ,000 
113 | 300 291 , 500 ,000 
140 328 291 , 800,000 
159 214 368 , 600 ,000 
166 100 
183 0 404 , 200 ,000 
207 0 278, 500,000 
231 0 48 ,000 ,000 
255 0 21, 250,000 








Notwithstanding the abundant supply of nutritive material 
and the prompt removal of filterable products the population 
maintained itself at a nearly constant level for 7 days. The com- 
paratively low number maintained in this experiment is prob- 
ably normal for the culture used, which was not identical with 
the culture used in the earlier experiments. 

Since there was no migration of cells from the culture in this 
experiment, the only multiplication that could have taken place 
was that necessary to balance the death rate. If growth con- 
tinued at the normal rate there must be a correspondingly rapid 
death rate to hold the population at a nearly constant level. 
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If the cells did not disintegrate rapidly there would be an 
accumulation of dead cells and a microscopic count should show 
a much higher number than the plate count. A microscopic 
count made at 113 hours was 2,680,000,000 or about ten times the 
plate count. Since this culture had a decided tendency to form 
short chains the difference observed was only what would be 
expected. 

It would be difficult to determine positively whether the cells do 
or do not disintegrate rapidly after death. In an earlier paper' it 
was shown that in a lactic culture in which multiplication had 
ceased and the number of viable cells was so reduced that 1/10,000 
cc. was required to produce growth in milk the direct count was 
approximately the same as when the culture was at its maximum. 
This would indicate that the disintegration of the cells was slow. 

When the flow of broth was stopped in the flask with the filter, 
three days elapsed before there was a material decrease in the 
count. This, we think, indicates that the cells were not dying so 
long as the flow continued. 

It appears from these experiments that, if the conditions are 
comparable, bacteria will follow the laws governing the population 
of a colony of multicellular organisms and will maintain a constant 
population indefinitely. This, however, does not explain why, 
with an abundant food supply and with filterable products of 
growth removed, the population should rise rapidly to a fixed 
number and remain constant at that level. 

It is probable that our analogy should be drawn, not between 
colonies of bacteria and multicellular organisms but between 
bacteria and an individual multicellular organism. 

The normal size of an animal, a tree, or an insect is fixed by 
heredity. Neither favorable environment nor nutrition will 
cause an animal or a plant to develop beyond certain limits which 
are fixed for each species. Even the parts of an individual are 
constant for the species or strain. 

Bacterial colonies on solid media show the effects of a similar 
law. The typical streptococcus colony on agar is invariably a 


1 Rogers, L. A. and Whittier, E.O. Limiting factors in the lactic fermentation. 
Jour. Bact., 16, 211-229 (1928). 
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small sphere, and while the size may be increased somewhat by 
providing an especially favorable medium, nothing will make it 
differ materially from its ancestor colonies. In liquid media the 
maximum population is fairly constant at a number which seems 
to be fixed for each species or strain. ‘ 

An analogy of this nature serves a useful purpose as a means of 
illustrating an obscure phenomenon but should be accepted with 
caution. The fact that different types of organisms follow the 
same general course of growth and maintenance does not neces- 
sarily prove that they are governed by identical laws. In any 
event the consideration of heredity as a factor does not really 
explain why growth ceases when the colony has reached a certain 
size or the population has attained a certain density. 

It is difficult to conceive of the control of a phenomenon of this 
nature which does not have its basis in some physico-chemical 
balance. Heredity can only determine the point at which this 
balance becomes effective in checking growth. 

There is a possible application of these results to the fermenta- 
tion industry. In the usual intermittent method a large part of 
the time is used in sterilizing equipment and medium, developing 
the culture to its maximum strength and, when fermentation is 
completed, emptying the tanks and preparing them for another 
run. If a fermenting vat could be supplied continually with 
fresh fermentable material and the surplus removed, it should be 
possible to maintain the fermentation at its maximum speed for 
an extended period. We have been able to maintain a lactic 
fermentation under laboratory conditions for an indefinite time. 
In these experiments we have used a mixed culture containing a 
lactobacillus and a mycoderm. This combination grows vigor- 
ously and produces lactic acid. 

The culture flask, filled to the overflow level, held about 800 
ec. and was maintained at 35°C. A heavy suspension of steril- 
ized calcium carbonate was run into the culture at intervals and 
kept in suspension by a stirrer. The fermenting material was an 
infusion broth containing tomato juice and 5.92 per cent lactose. 
The experiment, the results of which are shown in table 5, was 
continued for 20 days. On the second day after inoculation the 


JOURNAL OF BACTERIOLOGY, VO. Xx, NO, 2 





136 L. A. ROGERS AND E. O. WHITTIER 


flow of broth was started slowly and 140 cc. overflow obtained on 
the morning of the third day. 

On account of the difficulty in adjusting the flow accurately 
there was a variation in the overflow from 140 to 900 cc. per day. 
This caused a variation in the total amount of sugar fermented 
and the rate per hour. The maximum fermentation was obtained 
in the period in which 900 cc. flowed through the flask. In this 


TABLE 5 
The continuous lactic fermentation of broth containing 5.92 per cent lactose 
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period 52 grams of sugar were fermented at the rate of 2.19 grams 
per hour. Some undetermined factor affected the efficiency of 
the fermentation as shown by the percentage of sugar fermented. 
This varied from 77 to 98.8 per cent. In other words, on one 
day the broth came through the culture flask with 25 per cent of 
the sugar unfermented. This variation was independent of the 
rate of flow. It is possible that it may have been caused by 
failure to keep the reaction of the culture within the limits of 
greatest activity. 
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The efficiency of the fermentation in producing lactic acid is 
shown by the sixth column of table 5. This shows the percentage 
of the total sugar fermented which was converted to lactic acid. 
In other words it is lactic acid expressed as percentage of the 
theoretical yield. 


SUMMARY 


Cultures of Str. lactis or Esch. coli, in flasks through which 
broth was flowed slowly, maintained a constant population level 
as long as the experiment was continued. 

Under similar conditions Str. lactis and Esch. coli grew together, 
each one maintaining a high population. At the beginning, there 
was an apparent inhibition of Sir. lactis and, later, a distinct 
falling off in the number of Esch. coli. 

In a culture flask with a continuous flow of fresh broth into the 
flask, and the overflow removed by filtration so that there was no 
emigration of cells out of the flask, Str. lactis maintained a con- 
stant population level. 

Under laboratory conditions a continuous lactic fermentation 
could be maintained indefinitely by providing a continuous supply 
of sterile lactose broth. Under favorable conditions an 800-cc. 
culture delivered every 24 hours from 500 to 900 ce. of effluent 
from which practically all of the sugar had been fermented. 
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INTRODUCTION 


The present standards of the American Public Health Associa- 
tion (1925) have designated Gram-negative non-spore-forming 
aerobic rods which ferment lactose with the production of gas as 
the organisms to be searched for to detect fecal pollution. From 
time to time other organisms have been proposed wholly or par- 
tially to replace these bacteria, but, as stated so definitely and 
convincingly by Levine (1921), Bacterium coli is the organism 
which best fulfills the requirements for an index of fecal pollution. 
It is constantly present in the feces of warm blooded animals, is 
seldom obtained except from feces or from substances recently 
polluted, is slightly more resistant than intestinal bacterial 
pathogens, but is not sufficiently resistant to remain long in 
water after the water has been purified enough to kill pathogens. 

However, as shown by many studies summarized by Levine and 
since added to by others, the related organism, Bacterium aero- 
genes, included in the above description, is in no way an index of 
fecal pollution. Neither B. aerogenes nor its very close relative, 
Bacterium cloacae, is present in feces in very large numbers. They 
are present in fairly large numbers in soil, plant residues and other 
places not associated with feces, and are more resistant to storage 
than B. coli. B. aerogenes is undoubtedly a separate species, 
differing from B. coli in several correlating characters, namely 
the production of acetyl-methy] carbinol (Voges-Proskauer test), 
the production of a higher CO,/H; ratio, the utilization of uric 
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acid as a sole source of nitrogen, and the production of a higher 
pH in the methyl-red test. Although the American Public 
Health Association standards do not distinguish between B. coli 
and B. aerogenes in the “‘completed test,’ there can be little 
doubt that B. aerogenes has no value as an index of fecal pollu- 
tion. It can be fairly readily distinguished from B. coli on the 
eosine-methylene blue (Levine (1918, 1921)) or the triple dye 
agar plates (Skinner and Murray (1924)), as well as by the more 
accurate methods summarized by Standard Methods (1925). 

B. coli itself, however, is occasionally isolated from soil, is 
often found in feces of cold blooded animals, and occasionally 
occurs in streams free from apparent human pollution. Koser 
(1924) has found that, in general, only such strains as are found in 
soils are able to utilize citrates as a sole source of energy. Since 
all strains of B. aerogenes also utilize citrates, this medium offers 
an interesting possibility for the elimination of all members of the 
coli-aerogenes group which are of no sanitary importance. 
Although as yet enough work hasnot been done withstrains of B. coli 
isolated from feces to prove absolutely the importance of Koser’s 
findings, it is a distinct probability that only the citrate negative 
organisms should be considered in water analysis. The results of 
Pawan (1926) who found that citrate negative strains were present 
in 98 per cent of the samples of cow and human feces and citrate 
positive strains in 100 per cent of the samples of unpolluted water, 
certainly confirm Koser’s results, although it is probable that most 
of his non-fecal organisms were B. aerogenes. Other workers 
have obtained somewhat similar results. 

Eijkman (1904) has suggested a means of separating the 
B. coli originating in the feces of warm blooded animals from 
the strains characteristic of cold blooded animals. This 
consists in incubating inoculated glucose-peptone broth at 46°. 
Gas formation is said to indicate the presence of B. coli from 
warm blooded animals. B. coli from cold blooded animals, 
practically all B. aerogenes, (and B. cloacae), Bacterium proteus, 
and the various fermenting anaerobic rods are said to be completely 
inhibited as far as gas production is concerned. Although of 
great importance, (if the above is true) this test has not, so far as 





DETECTION OF FECAL POLLUTION OF WATER 141 


we are aware, been used at all in North America except in a lim- 
ited way by Skinner and Murray (1926) and especially by Leiter 
(1929) who made a fairly intensive study of it. 

However, even if these organisms of little importance, giving 
presumptive tests, be eliminated, not a great deal of work has 
been done to show that all or nearly all of the B. coli from feces of 
warm blooded animal origin ferment glucose at 46°. Leiter 
isolated 143 strains of B. coli from human feces all of which pro- 
duced gas 46°, although five at times produced less than 0.5 ce. in 
the Smith fermentation tube. Similar results were obtained 
by Salus and Hirn (1923). Positive Eijkman tests have rarely 
been encountered from water of known high sanitary quality by 
any of the European workers. Most of the work done on the 
test, which has been studied rather intensively in Europe and 
summarized by Leiter (1929) and by Barth (1930), indicates 
that false positive tests are rarer than in the case of the usual 
methods with lactose broth at 37.5°. 

It was decided that further work was necessary to indicate 
whether or not false negative tests could be expected, that is, 
if all or nearly all of the B. coli from the feces of humans are able 
to produce gas at 46° from glucose broth. If so, since false posi- 
tives are said to be rare, it should offer a relatively cheap and 
simple means of detecting fecal pollution. 

First of all, if all the B. coli grow at 46°, their numbers in feces 
should be as large when determined by the Eijkman media at 
46° as by the lactose broth at 37.5°. Fortunately, the dilution 
method offers us a rather accurate means of determining numbers 
(McCrady (1918), Buchanan and Fulmer (1928)). It was also 
deemed advisable to determine whether the gas production was 
due to B. coli, B. aerogenes, or lactose fermenting anaerobes, 
although evidence is not convincing that any large numbers of 
B. aerogenes are present in feces. 


EXPERIMENTAL 


Thirty-seven samples of feces from hospital patients and from 
persons in normal health were diluted in three or four decimal 
dilutions, 1 to 10° to 1 to 10° inclusive, in replicates of five 
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Durham fermentation tubes. Both the glucose broth (Difco 
peptone 12.5 grams, glucose 12.5 grams, NaCl 6.25 grams per 
liter) and lactose broth (peptone 10 grams, lactose 10 grams, 
beef extract 3 grams, NaCl 5 grams per liter, pH 7.2) were 
inoculated from the same dilutions, at the same time and 
with the same pipettes. The glucose medium is the same 
as that used by Leiter (1929) and is of the same concen- 
tration as Eijkman’s after being diluted with water. After in- 
cubating the lactose broth at 37.5° and the glucose media at ex- 
actly 46° in a Central Scientific Company water bath with a 
DeKhotinsky thermoregulator for twenty-four hours, the tubes 
with any gas at all were streaked on standard eosine-methylene 
blue agar plates. Those showing gas in forty-eight hours were 
streaked the following day. Since the streak plates were all con- 
firmed, and since all plates contained only typical B. coli colonies 
as evidenced by the greenish metallic sheen, the confirmation 
was discontinued, after 157 streak plates had been made. Like 
Leiter, we found that the streak plates from lactose broth inocu- 
lated with feces showed pure or almost pure cultures of B. colt. 
That they were citrate negative, we cannot say, but at any rate 
they were obviously fecal. Not a single plate of the 157 cultures 
streaked from either glucose or lactose broth cultures of feces 
showed a colony resembling B. aerogenes or B. cloacae. 

These results (table 1), calculated from the tables of McCrady 
(1918) (Buchanan and Fulmer (1928)), show that not all of the 
lactose fermenting organisms (exclusively B. coli by eosine- 
methylene blue agar plate appearance) produce gas in Eijkman’s 
broth in forty-eight hours. They further show that twenty-four 
hours at 46° is not a sufficient time for many cultures. Some 
cultures have large amounts of gas in twenty-four hours, others 
show none at all at this period but develop gas in forty-eight hours. 
On the other hand, it was found that those cultures which pro- 
duced gas in twenty-four hours contained few or no living 
organisms in forty-eight hours, the acidity apparently being 
more toxic at this high temperature. All plates streaked 
from the Eijkman broth contained fewer colonies than those 
streaked from the lactose broth. All the lactose broth tubes 
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TABLE 1 


Comparison of lactose broth at 87.5° and glucose broth at 46° (Eijkman method) for 
detecting B., coli in feces 
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TABLE 1—Concluded 
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were either positive in twenty-four hours or negative in forty- 
eight hours. The table indicates that the Eijkman test should 
be expected to give many false negatives. Furthermore, it was 
discovered that the organisms were quickly killed after gas for- 
mation had .taken place, which probably also explains Leiter’s 
failure to confirm all his tests. Whether the failure to grow at 
46° was due to strain variation or to relatively greater resistance 
to the high temperatures by some of the organisms at certain 
physiological ages we cannot say. These conclusions were based 
upon more than one thousznd inoculations. 

Similar tests were made also with water. For this purpose 
water was used from the Mississippi river, above the city of 
Minneapolis, as it comes into the filtration plant. Three decimal 

1 We are indebted to Mr. I. A. Montank, bacteriologist at the Minneapolis 


filtration plant, who on several occasions took the samples and brought them to 
us. 
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dilutions from 1 cc. to 0.01 ec. were used. It was evident at the 
first preliminary trial that standard eosine-methylene blue agar 
could not be used for confirmation tests, since non-lactose fer- 
menters in very many cases prevented isolation and identifica- 
tion of the coli-aerogenes organisms. The addition of 1: 100,000 
crystal violet was found largely to prevent this, as had previously 
been found to be the case (Skinner and Murray (1924)). Very 
possibly the use of crystal violet (Hall and Ellefson (1918)), 
or other dyes, or NaOH (Janzig and Montank (1928)) in the 
lactose broth would eliminate some of the unconfirmed tests. 
However, in our case it was not the lactose fermenting anaerobes 
which gave the false positive presumptive tests so much as the 
overgrowth of non-lactose fermenting organisms on the plate, 
which was prevented by crystal violet. There is ample evidence 
in the literature that such a concentration of the dye is in far too 
great dilution to cause marked inhibition of B. coli. 

After incubation for twenty-four hours, the tubes showing gas 
were streaked on the triple dye agar. From those developing gas 
in the 24-to-48-hour period, streaks were made after forty-eight 
hours incubation. Colonies were picked, one colony most re- 
sembling B. coli, from each plate, and planted on agar slants. These 
were then inoculated into lactose broth for confirmation, peptone 
glucose broth for Voges-Proskauer, peptone broth for indol, and 
Simmon’s (1926) agar for the detection of citrate utilization. 
In case the cultures showed acid and gas from lactose broth, were 
negative to the Voges-Proskauer test and did not utilize citrates 
in 48 hours, they were recorded as B. coli. If they showed oppo- 
site reactions in the tests, save acid and gas on the lactose broth, 
they were called B. aerogenes. If no gas resulted from lactose 
broth, they were recorded as not confirmed, as were also plates on 
which no growth resulted after streaking. All other cultures 
were reinoculated into lactose broth, reisolated and again planted 
on the media. In case they checked with the first reading, they 
were recorded as such, or if B. coli or B. aerogenes reactions ap- 
peared after repurification (as was frequently the case) these 
were duly recorded in the table. Table 2 shows the results. 

The table shows many “‘skips’’ due most likely to overgrowth of 
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TABLE 2 
Comparison of lactose broth at 37.5° and glucose broth at 46° (Eijkman method) in 
their effectiveness in detecting typical B. coli and in repressing 
B. aerogenes and citrate-utilizing B. coli in water 
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B. aerogenes and other bacteria. For this reason the results should 
not have as much weight as those of table 1. They seem to indi- 
cate, however, that the Eijkman test fails to detect all the fecal 
B. coli. The large number of unconfirmed tests from the Eijkman 
media probably indicate cultures in which B. coli had been present 
but had died, due to acidity at the high temperature. Counting all 
these ‘‘not confirmed”’ as ‘fecal B. coli,”’ table 3 shows that even 
so, all the B. coli are not always obtained by the Eijkman method. 
It further shows that a fair number of B. aerogenes and atypical 


TABLE 3 
The types of members of the coli-aerogenes group recovered from the inoculation of the 
same number of lactose broth tubes at 37.5° and of glucose broth at 
46° with water from a polluted stream 
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* Not confirmed included in percentage of B. coli. See text. 


B. coli (citrate positive, or “non fecal’ according to Koser) are 
apt to be involved in a positive Eijkman test. Thus, we were not 
able to confirm the work of de Graaff (1922) who found that 
Voges-Proskauer positive, methyl red negative strains of the 
colon bacilli (B. aerogenes) were repressed in the Eijkman test. 


DISCUSSION 


Our results indicate that, even if the production of gas at 46° 
from glucose broth be a fair index of pollution from feces, the lack 
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of such gas formation does not prove the absence of pollution. 
The absence of a positive presumptive lactose broth test at 37.5° 
of course indicates the lack of fecal pollution. Together, the 
tests may be of benefit. Alone, a positive lactose broth pre- 
sumptive test needs confirmation and differentiation of B. coli 
from B. aerogenes or, probably better still, differentiation of 
citrate from non-citrate utilizing organisms. Alone, a negative 
Eijkman test does not appear to the authors to be of much value. 
The results obtained by us indicate that twenty-four hours is not 
enough time for the Eijkman test. The fact that B. aerogenes 
is seldom encountered in feces and is, therefore, of no significance 
in water analysis except in so far as it leads to confusion, has been 
confirmed. The addition of 1:100,000 crystal violet to the 
standard eosine-methylene blue agar has made the confirmation 
of presumptive tests easier and more certain. 

The fact that our results are on the whole unfavorable to the 
Eijkman test detracts in no way from Leiter’s work. His results 
were on isolated strains. Ours were quantitative and on feces. 
Also, his results, as well as those of others, show conclusively that 
the Eijkman test does eliminate a great many of the positive tests, 
the origin of which was cold blooded animals. Our results are 
more in agreement, however, with those of Hehewerth (1912) 
who found that only 38.8 per cent of the 36 strains isolated from 
feces gave an Eijkman reaction, and with those of Barth (1930) 
who found that only 37 per cent of the 31 strains isolated from 
human feces grew at 45°. This latter work appeared after our 
experimental data had been compiled and while the manuscript 
was being written. In all of the work on the test previous to ours, 
as far as we are aware, no worker has utilized to any great extent 
the dilution method. This method seems to us to give the most 
pertinent results, for unless all B. coli from feces will grow at 46° 
in glucose broth (and our results show they do not) and will grow 
whether 1 or 100 cells are used as an inoculum, the Eijkman test 
is of little value in detecting all waters containing B. coli, and 
especially is it without value in obtaining quantitative data as to 
the amount of pollution. 
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SUMMARY 


1. Only a small percentage of the B. coli from human feces 
produced gas in forty-eight hours in glucose-peptone broth at 46° 
(Eijkman test). 

2. Many strains produced gas in twenty-four hours in the 
Eijkman test, but forty-eight hours were necessary to include all 
the gas formers. 

3. Many “‘typical” B. coli from water from a polluted steam 
failed to grow in the Eijkman broth at 46°. 

4. The Eijkman test did not eliminate all positive tests due to 
B. aerogenes and citrate positive B. coli. 

5. Only B. coli (never B. aerogenes) was found in human feces. 
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It has long been recognized that sewage tends to purify itself 
of its primitive bacterialcontent. This activity has been ascribed 
to many different factors and it may be deemed certain that the 
picture of the changes resulting in lowered bacterial count of 
sewage when definitely known will be found to be complex. It is 
the purpose of this discussion to add still another agency to the 
list of those already identified with production of changes in the 
bacterial content of crude sewage. 

A normal habitat of bacteriophage is within the intestinal 
content of higher animals. Since bacteriophage is found ordi- 
narily within the intestinal tract, it is present likewise in feces and, 
logically therefore, in sewage. It is not our desire at this time to 
discuss the nature of bacteriophage activity for it makes very 
little difference whether this factor is to be classed as filterable 
virus or as an enzyme since its power as a lytic agent is accepted. 
Moreover, its increase in potency by repeated contact with or- 
ganisms in the logarithmic stage of multiplication has been 
thoroughly substantiated. Bacteriophage has a certain range of 
adaptability from strain to strain of bacterial microérganisms 
although the extent of our present field of knowledge is not suffi- 
cient to describe accurately what these limitations are. The 
adaptability of sewage bacteriophage to a series of bacterial 
forms has been demonstrated repeatedly and indeed we have 
utilized it upon numerous occasions for elaboration of prepara- 
tions to be utilized for treatment of infections of the genito- 
urinary tract. Similar observations have been published also by 
Caldwell (1928). In addition, there are very many strains of 
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bacteriophage in sewage since the content of fecal material is 
derived from many different individuals, both man and higher 
animals. The degree of activity of phage against various bacter- 
ial forms as well as their “‘specificity”’ varies with different per- 
sons. Therefore, sewage should contain a great variety of strains, 
active against many different types of intestinal bacterial 
organisms. 

However, there are certain factors which may be expected to 
limit rather sharply the possible influence of bacteriophage as a 
purifying agent in sewage. Multiplication of the original intes- 
tinal organisms in the sewage takes place much more slowly than 
within the animal body for many of these organisms are not in the 
logarithmic period of growth. Bacteriophage is most effective 
when propagated in contact with young, rapidly multiplying 
organisms as has been stated by d’Herelle (1926). The maximum 
effectiveness of the various strains of phage in sewage therefore is 
not to be expected although the presence of many different 
bacteriophages in the sewage is certain. In addition, it has 
been shown by Marshall (1925) that the action of bacteriophage 
in its multiplication within or upon young bacterial organisms 
is a function of the numbers of the bacteria available for the 
purpose. The smaller the number of bacteria in a suspension 
even though they be at the optimum stage of growth, the less 
the likelihood of contact between bacteriophage particles and 
their food material, which in this instance is the bacteria. 
Temperature relationships in sewage, also, are not optimum for 
the proliferation of phages. Thus, within the medium, conditions 
are not the best possible for growth and therefore effectiveness of 
bacteriophages. Nevertheless, there should be a considerable 
activity on the part of the phages against sewage organisms present 
within the sewage even though conditions are not optimum. 
Any degree of bacteriophage lysis within sewage will act as an 
agency to diminish bacterial content. Activity on the part of 
the bacteriophage content of sewage against its contained organ- 
isms, we have endeavored to demonstrate. 

Our method of procedure has been the following. Sewage, 
either entirely untreated or taken at various stages of the process 
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of purification, has been collected in sterile bottles. These 
samples have been plated out on lactose litmus agar in order that 
the various forms present might be examined as to colony forma- 
tion and ability to split the sugar. After twenty-four hours in- 
cubation at 37° a series of acid producers and a second series of 
those which did not produce red colonies were transferred to beef 
agar slants. No further attempt was made to classify these cul- 
tures. A portion of the sewage sample to be examined for the 
presence of bacteriophage was filtered, first through ordinary 


TABLE 1 
Lytic action of Sonoma, California, sewage upon organisms isolated from that sewage, 
with twenty-four hours incubation at 30°C. 
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— = no inhibition; + = very slight lysis as indicated by zones of clarity or 
slightly decreased turbidity; ++ = more evident inhibition; +++ = moderate 
lysis; ++++ = complete lysis. 


filter paper to remove gross particles, and then through a Berk- 
feld ‘‘N” candle. Thus from the sample under test we obtained, 
first, a series of bacterial organsms in pure culture and second, 
a sterile filtrate. 

We then carried through tests to determine the presence of 
bacteriophage in the sewage. The various organisms were inoc- 
ulated into beef infusion broth tubes containing approximately 
10 cc. of the medium. Two tubes were prepared for each culture. 
Of the two tubes thus inoculated, one was then treated by addi- 
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tion to it of 1 ec. of the filtered sewage. The second tube, to 
which no addition was made, served as a control. Incubation 
then proceeded at 30°. This tempeature we have utilized in our 
work since it induces somewhat slower growth and, therefore a 
longer period is offered for maximum activity of bacteriophage 
upon the multiplying bacteria. Following twenty-four hours 
incubation, these tubes were then observed in pairs for contrast 
in turbidity between the culture treated with sewage and its 
control. Lysis was demonstrated by degrees of clarity of the 
treated culture in comparison to the one not treated. 

‘Experiment I. Sonoma, California, Sewage Purification Sys- 
tem. In this plant the sewage first passes through a septic 
tank and then through a series of ponds where a layer a few inches 
deep is exposed to air oxidation. Three specimens were utilized 
for this test: (1) Effluent from septic tank. (2) and (3) Fluids 
from two of the settling ponds. The filtrate of each sample was 
brought into contact with organisms derived originally from that 
particular specimen. As will be noted below in table 1, eight 
acid producers and five non-acid producers upon lactose litmus 
agar had been isolated from each sample. 

It thus becomes very evident that sewage filtrate inhibits in 
marked fashion the growth of certain organisms derived from that 
sewage when conditions are made optimum for growth. For 
some unexplained reason, inhibition is much more marked upon 
forms inactive in lactose than upon the lactose splitters. 

Experiment II. Effect of Sonoma, California, sewage upon 
organisms derived from the septic tank of the system. These 
samples were taken approximately two and one-half months later 
than those noted in the previous experiment. It was now at the 
end of the rainy season. Much storm water had been flushing 
through the system and it was desired to learn whether the lytic 
action at this plant had become attenuated by such flooding. 
Two samples of sewage were taken: (1) The septic tank effluent. 
(2) The effluent just below the first of the subsequent oxidizing 
ponds. The organisms used here were isolated from the sewage 
of the septic tank only. Freshly inoculated cultures of these 
were in turn placed in contact with 1 ce. amounts of filtered sew- 
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age from each sample. It will be noted that nine acid producers 
and five non-lactose splitters have been incorporated within this 
series. Results are given in table 2. 

It is thus demonstrated that the lytic activity of this sewage 
following long continued and heavy rainfall had become dimin- 
ished markedly. Nevertheless, distinct activity was apparent 
upon those forms which were inactive with lactose. 

Experiment III. Near Sonoma, California, there is also a 
State institution for women. This so called “Sonoma Home” 
has its own separate sewage disposal plant consisting of a septic 


TABLE 2 
Lytic action of Sonoma, California, sewage upon organisms isolated from that sewage 
with twenty-four hours incubation at 30°C. 
Samples taken following heavy flushing of system by flood waters 
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— = no inhibition; + = very slight lysis as indicated by zones of clarity or 
slightly decreased turbidity; ++ = more evident inhibition: +++ = moderate 
lysis; ++++ = complete lysis. 


tank. From this plant two samples were obtained; (1) raw 
sewage before treatment by the septic tank, and, (2) effluent 
from the septic tank. Filtrates of these two sewage samples 
were added to freshly inoculated beef infusion broth cultures 
of a series of organisms isolated from the raw sewage and con- 
sisting of eight cultures of organisms producing acid from lactose 
together with five which could not split this sugar. Results are 
shown in table 3. 

These samples were taken at a time when there was no unusual 
load upon the plant. A decided degree of activity is shown, 
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particularly upon those organisms inactive upon lactose litmus 
plates. 

Experiment IV. Sewage from the City of Santa Rosa, Cali- 
fornia, passes through a septic tank, then through a deep baffle 
chamber known as the ‘‘Dark Tank.” . In turn it is then exposed 
to oxidation for some days in a series of shallow ponds. Finally 
it is chlorinated, at the rate of one part chlorine to approximately 
800,000 parts of sewage before passing into a nearby creek. 
Samples were taken as follows: (1) Raw sewage before entering 
the septic tank. (2) Effluent from septic tank. (3) Effluent 
from ‘‘Dark Tank.” (4) Effluent from one of the settling and 


TABLE 3 
Bacteriophage action of Sonoma Home sewage upon organisms isolated from that 
sewage following twenty-four hours incubation at 30°C. 
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— = no inhibition; + = very slight lysis as indicated by zones of clarity or 
slightly decreased turbidity; ++ = more evident inhibition; +++ = moderate 
lysis; +++-+ = complete lysis. 


oxidizing ponds. (5) Final effluent from the system thirty min- 
utes after chlorination at rate of 1:800,000. In preparation for 
these tests, a series of seven acid producers upon a lactose medium 
and five inactive against this sugar were isolated from the raw 
sewage. The sewage samples listed above were filtered. This 
experiment was conducted by bringing 1 cc. quantities of the 
several filtrates into contact with freshly inoculated cultures of 
these organisms in beef infusion broth. Results are indicated in 
table 4. 

The results set forth in table 4 are of marked interest because 
of the intense lytic activity manifested by certain of the sewage 
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filtrates against a number of the organisms derived originally 
from the system. This is shown with the lactose splitting forms 
A4 and A5 especially and again with the strains inactive towards 
lactose noted by B before the numeral. Next, the potency of 
these several filtrates is not the same throughout the system. 
Finally, it is of intense interest to observe that the heavy dosage 
of chlorine administered in most instances did not destroy bac- 
teriophage within the sewage. This reveals marked resistance 
on the part of many strains of bacteriophage to the effects of 
TABLE 4 


Lytic activity of Santa Rosa, California, sewage against organisms isolated from the 
raw sewage itself, following twenty-four hours incubation at 30°C. 
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chlorine. In one instance only (A6) was lytic action destroyed 
following chlorine administration. 

Experiment V. It was desired to examine sewage from the 
Santa Rosa, California, plant following the rainy season in a 
manner similar to that followed with material from Sonoma out- 
lined in experiments I and II. Thus, shortly after the stormy 
period of the winter’s rains, two additional samples were obtained 
trom this source. These consisted of: (1) raw sewage before 
entering the septic tank; and (2) effluent after treatment by the 
septic tank. Fourteen acid producing organisms on lactose lit- 








158 T. D. BECKWITH AND EDYTHE J. ROSE 


mus agar and thirteen forms inert towards this carbohydrate 
were isolated from the crude sewage sample, and cultures of each 
of these were treated with the filtrate of the sewage from the 
septic tank as outlined previously. Results are indicated in 
table 5. 

It thus appears that in sewage there are a considerable number 
of strains of bacteriophage which are potentially very active 
against the contained intestinal organisms. This inhibition here 


TABLE 5 
Lysis induced by Santa Rosa, California, sewage following flushing by rains. In- 
cubation twenty-four hours at 30°C. 
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demonstrated is not due to the presence of some chemical factor 
for upon numerous instances we have “stepped it up” by pro- 
cedures which are well understood by those who have had occa- 
sion to work with bacteriophage. Thus, the initial degree of 
activity is greatly increased by passage. We have proved that 
these strains of the lytic agent show definite inhibitive effects 
upon some of the organisms of sewage. It appears likely that 
this power to lyse is effective in some degree also in reducing the 
bacterial content of sewage under natural conditions, although 
there is no reason to suppose that the activity of bacteriophage is 
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as efficient here as when the technique is carried out with rapidly 
growing cultures. In sewage the content of young organisms is 
less and temperature relationships are not fulfilled to the optimum. 
It does appear reasonable to assume however, that the contained 
strains of bacteriophage in sewage constitute an agency having a 
certain degree of effectiveness in reducing the numbers of organ- 
isms present. 


CONCLUSIONS 


1. The strains of bacteriophage in sewage are effective against 
many bacterial organisms of the sewage itself. Those organisms 
inert towards lactose are relatively somewhat more susceptible 
to sewage phages than those which are able to split this carbo- 
hydrate. 

2. The content of bacteriophage varies with seasonal condi- 
tions: it is diminished following the flushing induced by heavy 
rains. Thus, it is similar in this respect to the bacterial content. 

3. Many, but not all, strains of bacteriophage are resistant to 
chlorine as applied in the chlorination treatment of sewage. 

4. Although conditions in sewage are not optimum for multi- 
plication and adaptation of bacteriophage to the various organ- 
isms present, it appears likely that the bacteriophage strains 
present are effective within certain limitations not only in inhibit- 
ing bacterial growth but even in bringing about some degree of 
diminution of the intestinal bacterial flora therein. 

Thanks are extended both to Mr. P. F. Bovard of the Cali- 
fornia Filter Company of San Francisco, California, and to Mr. 
C. G. Gillespie of the California State Board of Health. Through 
their courtesy, it was possible for us to obtain certain of the 
samples herein reported. 
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In the determination of the effect of heat or chemicals on a 
given suspension of bacteria it is usually assumed that the con- 
centration of the disinfectant, if chemicals are used, the tempera- 
ture and the time of exposure are the only factors involved. In 
the usual procedures the culture is heated or placed in contact 
with a disinfectant and after varying periods, portions of it are 
inoculated in agar or broth. These survival test cultures are 
incubated, usually at 37°C., for an arbitrary length of time, 
in most instances two days, when the results are read. It is not 
usually recognized that if another medium is used for the survival 
test or if a different incubation time is chosen the results may be 
significantly different. Other factors, such as the temperature of 
incubation after heating are probably also of importance. 

In this paper we shall deal with the effect of the incubation time 
on the results of the survival test and reserve a consideration of 
the nature of the media used for a following paper. 

Some of the results reported in the literature are of interest. 
Eijkman (1908), in obtaining data on the death rate of a strain 
of B. coli, observed that counts made after six days of incubation 
were distinctly higher than those made after two. The organisms 
were apparently ‘‘killed” in the first case in three minutes and in 
the second in five minutes. In another experiment, where counts 
were made after three and fifteen days, apparent sterility was 
obtained in the first count in the cultures made after five minutes 
of heating, while in terms of the second count, more than thirty- 
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five minutes of heating were necessary. These figures show that 
the longer the exposure to heat, the greater was the percentage 
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ot organisms which developed after alag. The unheated cultures 
in each instance gave their maximum counts after the shorter 
The results are plotted in figure 1. 


period of incubation. 
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Experiments on the tubercle bacillus were performed by 
Oerskov (1925) with interesting results. A suspension was 
heated to 63°C. and portions transferred to Petroff’s medium at 
five-minute intervals. The tubes were examined after one month 
and three months of incubation. Five tubes were made for each 
time interval. The results after one month of incubation of the 
survival test culture indicated some survival among the organ- 
isms heated for thirty minutes but none in the culture exposed 
for thirty-five minutes. After three months the forty-minute 
cultures were all positive. The forty-five-minute tubes were 
still sterile at this time. The author does not indicate how long 
an unheated culture required before its growth could be observed. 
The results, however, clearly indicate that thirty minutes of 
heating at 63°C. was sufficient to “kill’’ the culture if the thirty 
day results are considered alone, whereas the three-month record 
shows that the organisms were viable for an additional ten 
minutes. Delepine (1916) has reported experiments with milk 
containing tubercle bacilli which was heated and injected into 
guinea pigs. The unheated culture produced symptoms within 
two weeks. Milk which had been heated to 78° or 92°C. 
and cooled, produced no local lesions on injection but at the end of 
the eleventh week tuberculous lesions were found in various 
organs. Tubercle bacilli were also found, but inasmuch as these 
were not demonstrated to be living, it cannot be said definitely 
that the experiments demonstrated a delay in infection caused by 
the introduction of temporarily injured bacteria. The observa- 
tions by Lange (1923) on mice injected with various types of 
treated organisms are more positive and indicate that such latent 
infections are possible. 

The lag before growth which is observed after spore formers 
have been heated, has been the subject of some study. The 
original observation in this connection was made by Koch in 1881. 
Most of the work has been done on the spores of the botulinus 
organisms (Tanner and McCrea (1923), Dickson, Burke, and 
Ward (1919), Burke (1918 and 1923), Esty and Meyer, (1922), 
Weiss (1921), and Starin (1926). In general it has been found 
that high temperatures injure some of the spores to such an 





164 M. L. ISAACS 


extent that lag periods of as much as several months may be 
observed. Miss Burke found, for example, that with a series of 
unheated cultures the maximum germination time was 144 days, 
whereas for the same cultures heated, the maximum germination 
time was 214 days. She states that cultures made from heated 
spores “remain apparently sterile for days. No growth is visible 
even with the use of the dissecting microscope. Then suddenly, 
within a twenty-four- to forty-eight-hour period, normal growth 
and gas production take place.”’ She also observed that the lag 
period varies directly with the length of exposure. 

It is difficult to decide whether the lag period is due to a lapse 
of time before the individual which has been heated begins to 
to grow or whether it and its immediate descendants are per- 
manently changed and grow continuously but slowly. Allen 
(1923) has reported some experiments which tend to show that in 
some cases the rate of growth of heated organisms is slower than 
that of the same organisms unheated. He points out, however, 
that inasmuch as his heated organisms grew in the presence of 
large numbers of dead organisms, and the unheated in a fresh 
medium, the results may not be comparable. If the lag period 
with which we are dealing is similar to that of organisms which 
have been transplanted after the logarithmic phase of growth, 
then it definitely involves the first organism or its immediate 
descendants. Our own observations! lead us to the view that the 
injury caused by heat is limited to the organism heated or to the 
first few generations derived from it. 

The nature of the medium used for the survival test has some 
effect on the.lag period. The observations of Lange (1923) on 
staphylococci disinfected with 0.4 per cent tricresol afford an 
interesting example of this. With horse meat broth, with or 
without glucose as the survival test medium, exposure to the 


1 We have observed that once a colony has started to develop, it grows as 
rapidly as one from an unheated organism. The following observation is also 
suggestive. A typhoid suspension was heated for thirty minutes at 52°C. On 
plating, one colony developed after a lag of twenty-four hours. This was demon- 
strated to be typhoid by agglutination tests. On inoculation in broth the same 
maximum number of organisms developed as in the original unheated culture 
and the death curves for the two were almost identical. 
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disinfectant for more than ten minutes caused a lag of more than 
twenty-four hours, while, with a serum broth, such a lag was 
absent up to fifty minutes of exposure. Miss Burke, working 
with botulinus spores, noted that the maximum germination 
times were dependent to some extent on the medium. For 
heated cultures incubated in sealed tubes of broth the time was 
214 days. In agar the time was 201 days. If the broth tubes 
were layered with oil the maximum germination time was 426 days. 

In order to account for the lag phenomenon Miss Eckelmann 
(1917-1918) has advanced a rather ingenious theory. She sup- 
poses that in any suspension there are a small number of organ- 
isms with thick surrounding membranes. Handicapped by the 
membrane, such organisms grow very slowly. She assumes that 
the membrane also renders them more resistant, so that, after 
the application of heat to a suspension, the relative numbers of 
such organisms among the survivors increase, the proportion 
rising with prolonged heating. The theory serves to explain 
many of the facts but there are two factors which militate against 
its acceptance. In the first place, it is not clear why a thick 
surrounding membrane should render organisms less sensitive 
to heat. It can be calculated? by Fourier’s law of heat conduc- 
tion that the time required for a ninety-nine per cent temperature 
equalization between the outside and inside of a cell through a 
membrane 1 micron thick would be less than 0.1 second, assuming 
the membrane to be such an extremely poor conductor as pine 
wood measured cross-grain. In the ordinary procedures a 
period of time of this magnitude would be of no significance. 
The second objection concerns the nature of the curves obtained. 
According to the theory we can assume that a given suspension 
consists of two types of organisms, a non-resistant and a resistant 
form. With not too vigorous procedures, the following results 
should be obtained. With a short incubation period of the 
cultures we should expect the results when plotted to give the 
usual logarithmic curve. Upon prolonged incubation, another 
curve, also logarithmic, should appear, beginning more or less 
sharply toward the end of the first curve and declining less 


*I am indebted to Professor Earle B. Phelps for this computation. 
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steeply than the first. Examination of a series of death curves 
such as those of Chick, in which in all probability a sufficiently 
long incubation period was used, show very few curves of this 
description. Our own data do not indicate a mixture of organisms 
such as the theory implies. 

Our observations on the lag period were made during the course 
of a series of experiments designed to obtain data on the thermal 
death of several kinds of organisms. They pointed to several 
conclusions of interest and likewise suggested a theory as to the 
mechanism involved in the lag. 


EXPERIMENTS WITH B. COLI 


Two types of experiments were performed with B. coli cultures. 
In the first, a suspension was held at 61°C. for varying periods of 
time, then cooled and plated. The results of two experiments 
with two different cultures are given in table 1 and those of the 
first are shown in the graph (fig. 1). The numbers in parenthesis 
are the actual plate counts. 

On the twenty-four-hour plates there were in many cases small 
colonies which were rather pale in appearance. It is highly 
probable that in many cases small particles of precipitate in the 
media or imperfections in the glass of the petri dish were con- 
fused with these. 

It will be noted that the increases are not very great in any 
case; but it is clear that, in general, the longer the heating the 
greater the percentage increase in the number of colonies from 
day to day. In most cases, also, the increase of the third count 
over the second is less than that of the second over the first. It 
will be noted also that the unheated cultures show an increase in 
count on prolonged incubation. For comparison the curves from 
Eijkman’s figures are also plotted. 

In another series of experiments a suspension of B. coli was 
heated in a special apparatus, which will be described in another 
place, for 0.2 second and rapidly cooled. The results are given 
in the table 2.4 It appears from these data that the higher the 
temperature the greater is the percentage of delayed colonies. 


*I am indebted to Miss Marion Adkerson for help in obtaining these data. 
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Incubation for an additional twenty-four hours after the second 
day increased the counts very slightly. This agrees with our 
conclusions in the first experiments. 


TABLE 1 





COLONIES ON PLATES AND SURVIVORS PER CUBIC CENTIMETER 
OF ORIGINAL SUSPENSION. INCUBATION OF 
SURVIVAL TEST CULTURES FOR: 
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COLONIES ON PLATES AND SURVIVORS PER CUBIC CENTIMETER OF ORIGINAL 


SUSPENSION. SURVIVAL TEST CULTURES INCUBATED FOR: 
TEMPERATURE 


72 hours 





48 hours | 
| 


24 hours 





(42) 42,000,000 
(74) 74,000 
(65) 65, 000 
(197) 19,700 
(34) 3,400 
(81) 8,100 
(25) 250 
(142) 

(0) 0 


(43) 43,000,000 
(78) 78 , 000 
(81) 81,000 
(270) 27 ,000 
(66) 6,600 
(128) 12,800 
(88) 880 
(452) 452 
(10) 10 


(44) 44,000,000 
(87) 87,000 
(81) 81,000 
(286) 28 , 600 
(73) 7,300 
(142) 14,200 
(92) 920 
(516) 516 
(18) 18 














EXPERIMENTS WITH A HEMOLYTIC STREPTOCOCCUS 


The results obtained when a hemolytic streptococcus was used 
to study lag were more clear-cut, since the zones of hemolysis 
on blood plates made the colonies more easily recognizable. 
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Another advantage was that the organism, although growing in 
clumps in broth, suspended very easily. The suspensions were 
of surprising uniformity and duplicate counts checked very 
satisfactorily. Our first culture‘ was obtained from the pleural 
fluid of a rabbit, an animal for which the organism was particu- 
larly virulent. The data for the second and fifth broth transfers 
are given in table 3 and figure 2. The suspensions of the organ- 


TABLE 3 





COLONIES ON PLATES AND SURVIVORS PER CUBIC CENTIMETER 
| MINUTES | OF ORIGINAL SUSPENSION. INCUBATION OF 
or | THE SURVIVAL TEST CULTURES FOR: 
HEAT- 
ING 





| K 
24 hours 48 hours | 24 hours | 48 hours 





(22) 22,000,000 | (28) 28,000,000 | 
(32) 3,200,000 | (34) 3,400,000 
Transfer II........ (32) 320,000 | (124) 1,240,000 
(34) 34,000 | (45) 45,000 
(1) 1 | (33) 33 
(18) 1,800,000 | (18) 1,800,000 
(21) 210,000} (50) 
Transfer V (43) 43,000 | (111) 111,000 
(6) 600 | (155) 15,500 

















1 
15 | (24) 240 | (336) 





* Calculated as a K for a monomolecular reaction using the equation 
‘ C, 


K 2.3 sae 
"40h" O 


where C, and C; are the number of organisms surviving at times ¢,; and t, 
respectively. 


isms were made in saline and the heating was carried out at 50°. 
The survival test culture was made in blood agar and the plates 
were incubated at 37°C. The appearance of the plates after 
various periods of incubation may be summarized as follows. 


A. Plates made from unheated suspensions 


Incubation for twenty-four hours. Well developed colonies of 
uniform size and sharply defined zones of hemolysis have ap- 
peared. Incubation for forty-eight hours. The colonies grow 


‘This was kindly given to us by Dr. A. R. Clark. 
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somewhat larger. Few, if any, new colonies appear. Incubation 
for seventy-two hours. The zones of hemolysis increase consider- 





TEMPERATURE OF HEATING 50°C. 


-=-- INCUBATION FOR 24 HRS. 
—— INCUBATION FOR 48 HRS. 
© SECOND TRANSPLANT 
& FIFTH TRANSPLANT 


(PER CENT) 


” 
« 
° 
e 
> 
« 
> 
” 








b 
TE OF EXPOSURE pan) 
2 4 6 5 12 14 
n r} i i 4 i a 





Fic. 2. TaermMat Deats Curves or a Streprococcus CULTURE AFTER ONE AND 
Two Days’ IncuBaTION or THE SurvivaL Test CULTURE 


ably producing overlapping in the more crowded plates. In the 
few plates counted at this time no new colonies were found. 
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B. Plates made from heated suspensions 


Incubation for twenty-four hours. A few well developed 
colonies, resembling in size and appearance those on the control 
plates, are present. In some cases a few ill-defined colonies with 
very faint zones of hemolysis are seen, but these do not occur 
frequently. Incubation for forty-eight hours. The well developed 
colonies of the day before have grown larger. The faint colonies 
develop and are surrounded by sharply defined hemolytic zones 
almost equal in size to those of the rest of the colonies. In addi- 
tion new colonies have sprung up on the plates and are clear cut. 
They are usually somewhat smaller than the twenty-four-hour 
colonies of the unheated controls. Incubation for seventy-two 
hours. There is usually no change, aside from the increase in 
size of the hemolytic zones. Occasionally, a new colony may be 
found on a plate. 

From this description and an inspection of the data it will be 
noted that the longer the heating time the greater the difference 
between the one and two day counts. It is of interest to note 
that the counts of the second day give a curve more nearly 
approximating that of a monomolecular reaction. This may 
be readily seen from the “K” values given in the table and is 
particularly evident in the fifth transfer. 


EXPERIMENTS WITH A SAPROPHYTIC TUBERCLE BACILLUS 


The organism used in these experiments was an acid fast 
bacillus, which is said to have been derived from a virulent 
culture isolated by Koch. After many thousands of transplants 
it has become so well adapted to ordinary media that incubation 
overnight produces abundant growth. 

Suspensions of this organism were made by grinding a few 
loopfuls in milk or broth and filtering. The suspensions were 
heated to 60°C. for varying periods of time. The survival test 
cultures were made by pouring or spreading 1 or 0.5 cc. on poured 
agar plates. The results of a typical experiment are given in table 
4. It will be noted that the colonies developed from the unheated 
suspension in twenty-four hours. In forty-eight hours they had 
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increased to such size that they became confluent and covered 
the plate. One minute of heating resulted in a few colonies which 
could not be counted because they were confluent. In another 
twenty-four hours many more had appeared and the original 
colonies had grown very large. In twenty-four hours no growth 
was observed on the plates made after five minutes of heating but 


TABLE 4 





COLONIES DEVELOPING ON SURVIVAL TEST CULTURE PLATES AFTER THE 


MINUTES FOLLOWING TIMES OF INCUBATION 


OF 
HEATING se _ a - 7 
24 hours 48 hours 72 hours 96 hours 








About 300 col- | Plate covered | Plate covered Plate covered 


onies 
A few colonies | Plate covered Plate covered Plate covered 

(confluent) 

| No growth A few colonies | Plate covered | Plate covered 

| No growth | No growth Many colonies | Plate covered 

| No growth | No growth 4 colonies 8 colonies 

No growth | No growth No growth 1 colony 
| No growth No growth No growth No growth 
| No growth No growth No growth No growth 








COLONIES ON PLATES AND SURVIVORS PER CUBIC CENTI 
MINUTES 


METER OF ORIGINAL SUSPENSION. INCUBATION OF 
THE SURVIVAL TEST CULTURES FOR 


| 72 hours 96 hours 144 hours 
| (70) 700,000 (77) 770,000 
Suspension A ; 2 | (8) 8,000 (13) 13,000 

| (13) 1,300 (37) 3,700 





| (16) 16,000 | (18) 18,000 
0} (14) 28 


Suspension B..... 





a few colonies appeared after forty-eight hours. These increased 
in number and size on additional incubation. Ten minutes of 
heating resulted in a lag greater than forty-eight hours, while a 
twenty minutes exposure prevented growth for more than 
seventy-two hours. Twenty-five minutes exposure prevented 
any growth for at least ninety-six hours. 
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In two other experiments in which the colonies were discrete 
and therefore could be counted, the results were as shown in 
table 5. 

The conclusions to be drawn from these experiments are 
similar to those which were suggested by the work on B. coli and 
the hemolytic streptococcus. In this case, however, the lag is 
considerably longer and the recovery of the organisms more 
gradual. 


DISCUSSION 


From the experiments reported in this paper it will be seen 
that heat may fail to affect an organism or may so change it that 
it fails to grow on a given medium or may produce visible growth 
only after the lapse of some time. The longer the exposure to a 
high temperature the greater the number of organisms partially 
injured. These results were found to be common to three widely 
different types of organisms so that they may be assumed to have 
a general application. In addition, the data on B. coli showed 
that, the lower the temperature, the smaller the difference 
between the number of organisms apparently killed and the 
number showing lag. 

The death of a bacterium would appear to be, then, a gradual or 
catenary process. At the present time we are unable to follow 
the course of destruction; we are merely able to say that after a 
given treatment a certain percentage of organisms are dead 
in terms of a given survival test medium and in terms of a given 
incubation time. We are unable to say whether a given medium 
can cause survival of, let us say, a half-dead organism or of an 
organism one-third dead or what length of time is necessary to 
cause the revival of such organisms. The death of a micro- 
organism, in so far as we are able to determine, is an arbitrary 
point definable, in part at least, by the conditions under which 
survival is tested. There must be, of course, a limit in the 
destruction beyond which no medium and no length of time of 
incubation can cause survival. This limiting condition corre- 
sponds to our ordinary conception of death in higher animals. 

If the bacterial cell were composed of a definite number of 
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identical molecules it would not be difficult to account for the 
facts, particularly those observed in connection with the lag 
period. Such a picture can hardly be a true one, however. As 
an alternative we may make the assumption that there exist in 
the bactrial cell, among the various types of molecules, a 
number (not necessarily all of one kind) which may be looked 
upon as a measure of the organism’s life and that as these are 
destroyed or removed the organism is brought progressively 
nearer death. In order to obtain a picture in concrete terms, we 
might think of the molecules of the bacterial enzymes as being the 
units in question. There is some evidence for such being the 
case, but a consideration of the theory must be left for another 
place. 


SUMMARY 


Suspensions of B. coli, a streptococcus and a saprophytic 
tubercle bacillus were heated for various periods of time at 
fixed temperatures and plated on agar. The colonies developing 
were counted after one, two, three or more days. There was an 
increase in the counts from day to day, the greatest relative 
increases occurring in the plates made from cultures heated the 
longest. The greatest increases in counts occurred with B. coli 
and the streptococcus between twenty-four and forty-eight 
hours. The results with the saprophytic tubercle bacillus 
showed a more gradual recovery of the organism, the counts 
increasing up to four days. In the case of B. coli heated to 
different temperatures, it was found that, the higher the tem- 
perature, the greater was the relative number of delayed colonies. 
Unheated cultures usually developed their maximum numbers in 
twenty-four hours. 
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In the preceding article it was pointed out that in addition 
to time and temperature, other factors are of importance in the 
determination of the thermal death of an organism. It was 
shown there that one of these factors is the length of time for 
which the survival test cultures are incubated. The experimental 
results indicated that heat causes a delay in the germination of 
some of the organisms exposed. The longer the application of 
heat, and the higher the temperature, the greater is the relative 
number of organisms starting to develop after a period of lag. 
In the present paper another factor, namely, the composition or 
nature of the medium on which the survival test culture is made, 
will be considered. 

After a culture has been heated or exposed to chemicals there 
are several ways in which survival or non-survival may be tested. 
The culture may be fed to or injected into an animal, or it may 
be put into a variety of artificial culture media. An examination 
of the literature shows that little if any correlation exists between 
the results of the various procedures. 

In comparing results of animal inoculation with growth on 
artificial media one would expect that the’ heat-injured organisms 
would fall an easy prey to the leucocytes and therefore that the 
use of artificial media would be a more delicate test for survival. 
Such has been found to be the case by Lange, (1921) Morgenroth 
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(1923) and others. There are, however, several workers whose 
observations have led them to quite different conclusions. Muel- 
ler (1923) found that anthrax spores may, on treatment, give 
negative cultures and yet be able to kill animals. He calls 
attention to a similar observation made by Geppert in 1889. 
The results obtained by Hahn (1922) lead to the same general 
conclusions. Various species and disinfectants were used. The 
experiments with the anthrax and streptococcus organisms with 
mercuric chloride may be cited as examples. With a 1:100 
dilution of the sublimate, streptococci were killed, in terms of 
artificial media, in 15 minutes, although still infective for animals 
after approximately one hour’s contact with the disinfectant. A 
suspension of anthrax, when treated with 1:1000 bichloride, 
survived one day, according to the results on artificial media, 
although three days of exposure were necessary to prevent fatal 
infections in animals. Neufeld (1923), in preparing plague vac- 
cine, came to the conclusion that a treated suspension of B. p-stis 
may fail to give growth on media but yet kill guinea pigs. He 
points out however that the media, although satisfactory for the 
unheated organisms, may not have been favorable for those 
injured by heat. Similar conclusions were reached by Bleyer 
(1923) with the streptococcus. It must be remembered, that 
aside from the fact that a proper agar medium may not have been 
chosen, the lag period induced by heating or chemical treatment 
may not have been taken into account in the experiments cited. 
In some instances, also, it appears that lesions may have been 
produced by dead organisms. 

North and Park (1927) have recently called attention to the 
added margin of safety which is given by the use of subcutaneous 
inoculation of guinea pigs as a means of testing for the survival 
of the tubercle bacillus in experimental pasteurization procedures. 
They refer to the work of Bang (1902) who found that suspen- 
sions of tubercle bacilli were killed, in terms of feeding experi- 
ments, by exposure to 140°F. for two minutes. North and Park, 
(1927) using subcutaneous inoculation, found that ten minutes 
were required at that temperature to prevent infection. We 
may mention here for comparison the results of Oerskov (1925) 
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who, working with artificial media, found that as long as forty- 
five minutes were required at 145.4°F. These comparisons are 
of course valid only if comparable numbers of organisms were 
used by each worker. 

Comparative data on different kinds of media have been 
collected by Siipfle (1915) and Lange (1921). Both found that 
the apparent survival was increased to some extent by the addi- 
tion of sugar to the survival test medium. The best results, 
however, were obtained when serum was present. Using a 
suspension of Staphylococcus aureus and the tricresol, Lange 
found that with horse meat broth as the survival test medium 
there was a survival up to forty minutes of contact; with the same 
medium containing glucose there was survival for fifty minutes, 
while in a serum broth, growth occurred after seventy minutes, 
of previous contact between disinfectant and organism. Siipfle 
also used various organisms and disinfectants. In general the 
presence of 3 per cent of glucose in broth approximately doubled 
the apparent survival time. In the case of B. coli treated with 
1 per cent phenol there was survival for thirty minutes when the 
survival test culture was made in broth and for ninety minutes 
when the final test culture was made in glucose horse serum broth. 
It would appear from these results that when an enriched medium 
is used for the survival test there is an apparent increase in the 
length of time required for the disinfection process, or in other 
words, such a medium permits partially killed organisms to 
survive. 

In carrying out some experiments designed to determine the 
thermal death curves of a saprophytic tubercle bacillus some 
chance results were obtained which throw some light on the 
influence of the survival test media on the survival or death of an 
organism. 

The organism! used in these experimehts was the same as that 
used in the experiments reported in the previous paper. On 
ordinary nutrient agar abundant growth is obtained in twenty- 
four hours. Suspensions were prepared by grinding portions 


1 The organism is probably the same as ‘““Mycobacterium tuberculosis number 
607’ of the American Type Culture collection. 


















178 M. L. ISAACS 





of a forty-eight-hour agar growth in buffer solution of pH 6.8 and 
filtering the suspension. 

In general, the results obtained when suspensions were heated 
were similar to the results with other organisms. Heating caused 
a lag in the appearance of colonies on agar plates. The longer the 
heating the greater was the lag. Typical results are given in the 
previous article. 

In one experiment a curious result was obtained. A suspension 
of the organism had been heated and portions of it, in duplicate, 
spread on prepared agar plates. In one set, one plate remained 
sterile while, on the other, many colonies of the tubercle bacillus 
appeared. On the plate containing the colonies there was a 
thin transparent growth of a contaminating organism. 

The experiment was repeated with some plates inoculated with 
the contaminant. It was found that wherever it was added, the 
number of colonies of the tubercle bacillus was greatly increased. 
The results of a typical experiment with the suspension heated to 
60° for two and one-half minutes were as follows, the results being 
read after two days of incubation. 


Plate without contaminant: 49 colonies, all small, the largest 1 
mm. in diameter. 


Plate with contaminant: 157 colonies, of varying sizes, many 3 
mm. in diameter. 


The contaminating organism fulfilled the characteristics of B. 
zopfius and a culture of this organism kindly sent to us by Dr. 
Leo F. Rettger, although differing in some characteristics from 
ours, was found to have the same adjuvant effect. 

Several possibilities suggested themselves as to the action of 
the B. zopfius. It appeared probable that through its presence 
the proper conditions of oxygen tension for the growth of the 
injured organisms were brought about or that it furnished certain 
necessary food materials which, although not necessary for the 
unheated tubercle bacilli, were required for those whose functions 
had been disturbed by exposure to heat. While experiments 
were in progress to determine whether these factors were 
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operative, a second chance occurrence pointed to the solution of 
the problem. 

In repeating the experiment on one occasion, it was found that 
the plates without B. zopfius produced colonies almost as large 
and equal in number to those on the plates containing the organ- 
ism. An examination of the medium showed that it was very 
alkaline, pH 7.8 to 8.0. The media in the previous experiments 
had been about pH 6.6. The experiments were repeated again 
with all of these factors taken into consideration and the results 


TABLE 1 





COUNT 
Afte or} CAfter 
5days | 8S days 





Agar I, pH 6.6 





Culture unheated 1: 100,000. ; 

Culture unheated 1:100,000 + B. zopfius............. 

Culture heated to 60° for 10 minutes . - 

Culture heated to 60° for 10 minutes with B. sopfus inoculated 
a ip Fis Sele OP rs ae rp 





Agar II, pH 7.6 





Culture unheated 

Same with B. “pg he gala AEE 
Culture heated as above...... 

Culture heated as above, B. sopfue : on plate. 





shown in table 1 obtained. By placing drops of indicator on the 
agar plates the following results were obtained: 


Agar I 

pH of agar = 6.6 

pH of agar in vicinity of colonies of T.B. = 7.8 

pH of agar in vicinity of B. zopfius areas = 7.8-8.0. 
Agar Il 

pH of agar = 7.6 


pH of agar in vicinity of colonies of T.B. = 7.8 
pH of agar in vicinity of B. zopfius areas = 7.8-8.0 


The facts which these experiments brought out were as follows. 
The acid fast organism can grow on either acid or alkaline media. 
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In growing it produces sufficient alkali to bring the medium to a 
pH of about 7.8. When a suspension of the organism is heated, 
its ability to produce alkali is destroyed or injured. It, then, 
may fail to grow on an acid medium. An alkaline medium, 
whether initially alkaline or made so by some other means such 
as by the growth of B. zopfius, enables some of the organisms to 
grow. It is interesting to note that the lag period due to heating 
is not reduced by supplying an alkaline medium for growth. It is, 
of course, possible that if we had continued the incubation of the 
acid plates for some months additional colonies would have ap- 
peared. In such a sense the period of lag was reduced by the 
more alkaline medium. 


DISCUSSION 


From a consideration of our own data and those of others it 
will be seen that an organism which has been exposed to heat or 
chemicals may be so injured that it may find the media on which 
it originally grew unsatisfactory for further growth. On another 
media, growth may be excellent. Animal inoculation may be 
& more, or a less, sensitive test depending on the nature of the 
organism. It is difficult at the present time to picture just what 
changes take place in the organism or what differences exist in 
media to account for the phenomenon. Our own experiments 
show that the pH of the survival test medium is a factor, at the 
same time indicating that one change produced in the saprophytic 
tubercle bacillus by exposure to heat is the destruction or diminu- 
tion of the ability to produce alkali. Since the production of 
alkali is without doubt an enzymatic process, the conclusion is 
almost inescapable that here, at least, the effect of heat is to 
destroy or injure certain enzymes of the cell. 


SUMMARY 


A saprophytic tubercle bacillus was found to grow well on 
agar of pH 6.6. When a suspension of the organism is heated the 
number of survivors able to grow on the same medium is de- 
creased. After heating, growth occurs after a period of lag. 
When cultivated on an alkaline medium of pH 7.6 to 7.8 more 
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organisms survive, although the lag period is apparently not 
reduced. This pH may be obtained either through the growth of 
B. zopfius or by the addition of alkali. The unheated organism, 
in growing, produces an alkaline reaction in an originally acid 
medium. 

The explanation of the phenomenon probably lies in the fact that 
heat destroys certain enzymes of the organism which produce 
alkali. 
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During the past six months cases of dysentery and mild 
diarrheal disease have been encountered, caused by a late-lactose 
fermenting bacillus, which in its early cultural and fermentative 
reactions so closely resembled E. dysenteriae Flexner that it was 
at first regarded as a member of that group of organisms. At- 
tention was particularly directed to a study of the organism by 
the regularity with which it fermented rhamnose, a characteristic 
possessed only by the rarer strains of Flexner bacilli, and by its 
being inagglutinable in stock Flexner and polyvalent dysentery 
anti-serums. After twenty-four hours incubation, the organism 
in question fermented glucose, mannitol, maltose, and rhamnose, 
and failed to ferment lactose, xylose, sucrose and dulcitol. After 
two to six days incubation, acid was formed in lactose, the other 
sugars remaining as mentioned. In no instance was gas formed 
in any sugar. Because of these characteristics, and because of 
the large numbers in which the organisms were present in the 
stools of the cases studied, the bacillus was subjected to a more 
careful study, the results of which will be given later. It was 
identified as a strain of EZ. dysenteriae Sonne, which heretofor 
has been little seen in this country. 

The association of late-lactose fermenting dysentery-like 
organisms with diarrheal disease was first noted by Duval and 
Schorer (1904), who found these organisms while studying summer 
diarrhea in infants. The organism described by them produced a 
primary acidity in litmus milk which was replaced by alkalinity 
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after forty-eight hours, with a second wave of acidity following 
after five or six days, this last wave being permanent and more 
intense than the primary. They described two strains of 
organisms, one fermenting glucose, mannitol and lactose, but not 
dextrin, which they called Bacillus ‘‘A’”’; and another, which they 
called Bacillus ‘“‘B,”’ which fermented dextrin in addition to the 
other sugars. Duval (1904) isolated a similar strain of organism 
in large numbers from the contents and scrapings of the gut in a 
fatal case of dysentery in an adult. In his case, the lower portion 
of the colon was the site of involvement, with a pseudo-membrane 
present. ‘The mucosa showed many small necrotic areas. The 
microorganism isolated acted the same in milk as did those studied 
by Duval and Schorer. Glucose, mannitol, maltose, lactose, 
dextrin, and galactose were acidified without gas production, 
while sucrose and inulin were not fermented. The bacillus was 
agglutinated by the patient’s serum in a dilution of 1:400, by 
Flexner-Harris dysentery anti-serum 1:200, by typhoid anti- 
serum 1:80, and not at all by Shiga dysentery anti-serum. 
Duval believed the organism closely related to E. typhosus. 
Torrey (1905) reported the finding of similar microorganisms 
in the stools of infants with diarrhea. Although several of the 
infants in question died, he would not admit an etiological relation- 
ship, because in the few instances in which the test could be done, 
the patient’s serum either failed to agglutinate the bacillus or 
did so in low dilution only. 

Sonne, in 1915, found that the main causative agent in dy- 
sentery in Copenhagen was a late-lactose fermenting bacillus 
which he showed to be serologically specific and different from 
any other type of dysentery bacillus. Following Sonne’s de- 
scription of the bacillus, d’Herelle (1916) in France also found 
this atypical organism associated with cases of dysentery. 

Andrewes (1918), in an attempt to differentiate the true 
dysentery bacilli from the allied species, suggested the name 
B. dispar for lactose fermenting organisms which he obtained 
from cases of suspected dysentery and from convalescents. Of 11 
strains studied by him, all fermented glucose, mannitol, and 
maltose readily; 6 fermented sucrose; and 2 fermented dulcitol; 
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in no case, with gas production. Indol was formed by 4 strains 
only. Litmus milk was acidified and ultimately clotted. None 
of the strains were agglutinated by Flexner-Y dysentery anti- 
serum. 

Thjgtta (1919), in Norway, while investigating cases of dy- 
sentery, isolated 40 strains of Flexner organisms and 25 strains 
of the Sonne type. He believed the Sonne cases to be of much 
more frequent occurrence than his figures would indicate, ex- 
plaining that the less frequent finding of the Sonne type was due 
to the fact that this organism often produced such a mild diarrhea 
that the services of a physician were not deemed necessary, with 
the result that the cases were not subjected to bacteriological 
examination. Thj¢tta emphasized certain characteristics of the 
Sonne organism that should serve for its identification, viz.: 
it produced large, irregular, crenated colonies when grown on 
litmus agar plates; acid was produced in glucose and maltose, and 
occasionally in lactose; no indol was formed; and serologically 
the group showed no relationship to the other groups of dysentery 
bacilli. 

Mita (1921), in Japan, while studying dysentery in children, 
encountered bacilli similar in their cultural characteristics to those 
described by Sonne. Wiseman (1927) later showed by serological 
means that Mita’s strains were identical with those of Sonne. 
Patterson and Williams (1922), in Australia, reported the finding 
of the Sonne bacillus in patients suffering from entero-colitis, 
dysentery, and summer diarrhea. They found that the organism 
on isolation required from seven to ten days for the production 
of acid in lactose peptone water, but that after repeated sub- 
culture the acid production occurred earlier. 

Nabarro (1923) reported the isolation of late-lactose fermenting 
bacilli from cases of summer diarrhea and other diarrheal condi- 
tions in children. He believed the organism to be the same as a 
coliform bacillus isolated by Lembke, in 1896, from the excreta 
of dogs, to which he had given the name B. coli-anaerogenes. 
Later, Nabarro (1927) expressed the belief that B. coli-anaerogenes 
and dysentery bacilli of the Sonne type were identical, and 
suggested the name B. coli-dysenteriodes for the group. 
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Castellani (1927) described in some detail certain organisms 
isolated by him from clinically typical cases of dysentery, from 
cases of obscure chronic colitis with no dysenteric symptoms, 
and from cases in which “fever was so prominent a symptom as to 
suggest the possibility of paratyphoid.” Most of his strains 
agreed in the properties of being non-motile, in not liquefying 
gelatin, in forming acid only in litmus milk, and in not being 
agglutinated by the usual dysentery anti-serums. The strains 
all agreed in the properties of not producing gas in any sugar, 
and in the production of acid in lactose, glucose, and maltose 
peptone water. These organisms, Castellani calls the meta- 
dysentery bacilli, as contrasted to the dysentery bacilli (Shiga, 
Shiga-Kruse) and the paradysentery bacilli (Flexner, Hiss- 
Russell, etc.). 

Bamforth (1923) described a small outbreak of Sonne dys- 
entery among nurses. Smith (1924) studied a small outbreak of 
Sonne dysentery in infants in Aberdeen. He obtained a culture 
of the Sonne organism from the National Collection of Type 
Cultures and compared this with his strains, finding them to be 
identical in fermentation and serological reactions. Fraser 
Kinlock and Smith (1926) in a study of dysentery in Aberdeen, 
covering a period of thirty months, encountered 6 cases of amoebic 
dysentery, 17 cases of Flexner dysentery, and 33 cases of Sonne 
dysentery. Channon (1926) isolated a strain of dysentery bacilli 
which she compared with a known Sonne strain, finding the two 
to be identical culturally and serologically. 

Fyfe (1927) recorded an epidemic of 150 cases of dysentery at 
St. Andrews, with milk-borne EF. dysenteriae Sonne as the causa- 
tive factor. 

Cases of dysentery caused by the Sonne bacillus have seldom 
been reported in this country, from which the inference may be 
drawn that in the past this type of dysentery has been quite rare 
in America. Recently, Gilbert and Coleman (1929) reported 
the occurrence of 12 cases of Sonne dysentery in New York State, 
4 cases occurring in two state hospitals, 5 cases in a city during an 
epidemic of enteric disease attributed to a polluted water supply, 
and the remaining 3 cases in widely separated counties. The 
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identity of the causative organism was established by cultural 
reactions and by agglutination with an anti-serum prepared 
with a strain of E. dysenteriae Sonne obtained from the American 
Type Culture Collection 


CLINICAL FEATURES OF SONNE DYSENTERY 


Thirty-two cases of dysentery have been encountered caused by 
the Sonne bacillus, 29 in children and infants and 3 in adults. 
Of these, 5 have been of severe nature, the remainder of mild 
character. In the severe cases, there was one death directly 
attributabie to the dysentery infection. In the milder cases, 
one death occurred, but in this case the dysentery infection was 
superimposed on a decompensated heart and could be considered 
little more than a contributing cause of death. Autopsy, un- 
fortunately, was not permitted in this case. 

Fraser, Kinlock and Smith (1926) observed 33 cases of Sonne 
dysentery in Aberdeen, noting a marked variation in the degree 
of dysenteric symptoms. They described the great majority of 
their cases as being characterized by a mild, subacute diarrhea 


associated usually with some elevation of temperature, and 
nearly always accompanied or preceded by a catarrhal condition 
of the upper respiratory system. They regarded this catarrh as a 
notable feature of the disease. Of the severer cases, they describe 
two types: 


In one variety the symptoms simulate those of an acute Flexner 
dysentery with sudden onset of illness, diarrhea and colic, and the 
rapid appearance of blood and mucus in the stools. In the second 
variety, the symptoms simulate those of Salmonella infections or the 
choleraic form of dysentery, with sudden onset, epigastric pain, vomit- 
ing, diarrhea with green stools containing mucus but no blood, and 
rapid prostration. 


In the majority of the cases seen here there have been few or 
no respiratory symptoms. The illness has usually been ushered 
in by a temperature rise to 100° to 104°, followed after twenty-four 
to forty-eight hours by the passage of loose, watery, greenish- 
yellow stools containing mucus and sometimes blood. Blood 
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has not been a prominent feature in the stools of these cases, 
though few have been seen that at some time during the illness 
failed to show it. The number of stools passed has varied from 
4 to 10 in a day, the diarrhea usually persisting for from two to 
six days, after which the stools become normal in number, but 
are apt to remain soft and unformed for some days. Vomiting 
has not occurred in most of these milder cases, but has been 
present in a few. Abdominal tenderness has been present in a 
few cases. Colic and tenesmus have been rare symptoms. The 
fever, in most cases, has been of short duration, twenty-four to 
forty-eight hours, but in a few instances has persisted for longer 
periods. The leukocyte count has in most cases been somewhat 
elevated with an increase in the polymorphonuclear cells. The 
following case histories will serve to illustrate the milder form of 
the disease, as it has been seen here: 


Case 1. V.B., a nurse, on September 16 complained of diarrhea of 
two days duration. That night she had a fever of 103.8°, complained 
of chills and malaise, and passed many, small, loose, watery, yellow 
stools containing mucus and streaks of blood. At this time she was 
definitely tender over the lower part of her abdomen, but there was no 
spasm. The following day her temperature fell to normal, where it 
remained subsequently. She continued to pass loose stools at in- 
frequent intervals for the next four days, but otherwise felt well. 

Laboratory data showed a leukocyte count of 8500 on September 18, 
four days after the onset of her illness. Sonne dysentery bacilli were 
isolated from 3 stools passed on the same date. These were agglu- 
tinated by the patient’s serum in a dilution of 1:80. Sonne organisms 
were repeatedly isolated from stool specimens examined until October 14, 
five weeks after the onset of her illness, after which date 3 successive 
negative stools were obtained. 


Case 2. S.A., a white, female infant of fifteen months was admitted 
to the hospital on October 3, with the complaint of fever and diarrhea. 
The patient had been well until three days before entry when she began 
to refuse her feedings and seemed feverish. She then developed 
diarrhea, passing from 4 to 6 loose, watery stools during the day. She 
vomited several times before entry. On admission to the hospital, 
examination showed a well developed and nourished infant, very 
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irritable and appearing acutely ill. The temperature was 102°. The 
examination was otherwise negative. During the first three days in the 
hospital, the temperature remained at 102° and the patient passed 
numerous, loose, green, watery stools containing mucus and a few 
streaks of fresh blood. After the fourth day the temperature became 
normal. The child continued to pass loose stools for several days, 
but seemed otherwise well. 

Laboratory data showed the leukocyte count on admission to be 
15,600 with 74 per cent of the cells polymorphonuclears. Two weeks 
later the leukocyte count was 8600 with 53 per cent polymorphonuclears. 
E. dysenteriae Sonne was recovered in large numbers from a stool passed 
the day following admission. Subsequent stool examinations were 
negative. On October 8, one week after the onset of the illness, the 
patient’s serum failed to show any agglutination with typhoid, para- 
typhoid A, paratyphoid B, Flexner and Hiss dysentery antigens, but 
agglutinated the organism recovered from the patient in a dilution of 
1:320. 


Case 3. R. D., a white male child of seven years eight months, was 
admitted to the hospital on November 16 for the correction of deformi- 
ties resulting from a cord tumor. A tendon transplant operation was 
performed on November 22. The day following operation the tem- 
perature rose to 101° and the pulse rate to 120. The following day the 
patient passed 4 loose, watery, green stools containing mucus but no 
blood. There was no vomiting, abdominal pain, or other symptoms. 
The temperature varied between 99° and 101° for the next six days, 
during which time he continued to pass from 4 to 8 loose stools 
daily. After the sixth day, the temperature remained normal and the 
stools became normal in number and character. 

E. dysenteriae Sonne was isolated from a stool passed on November 
28, and from subsequent stools until December 7, when they became 
negative. 


In the more severe cases prostration has been much more 
marked than in the foregoing group. Vomiting has usually 
been a prominent symptom, and abdominal colic and tenesmus 
have been commoner than in the milder cases. The following 
case histories illustrate the severer type of cases: 


Case 4. M. W., the wife of a doctor, was taken acutely ill with 
vomiting, generalized abdominal pain, fever, and diarrhea on Septem- 
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ber 18. She had been quite well prior to the present illness and had had 
no similar attacks in the past. Loose stools were passed at frequent 
intervals, accompanied by tenesmus, the stools being as many as 15 
daily. The passages were described as being watery in appearance, 
sometimes approaching a “rice-water” character. The patient con- 
tinued to have abdominal distress, and blood appeared in the stools on 
the third day of the illness, at which time a stool specimen was brought 
to the laboratory for culture. The patient was treated symptomatically 
with gradual improvement, but she was forced to remain in bed for 
ten days. . 

E. dysenteriae Sonne was isolated from the stool examined, the 
organism being present in almost pure culture. Subsequent stools 
were not obtained for culture. 


Case 5. M. M. (2), a white, female child of three and one-half years 
was admitted to the hospital on October 25 because of persistent 
vomiting, fever, and prostration. The past history revealed that since 
one and one-half years of age, she had had attacks of vomiting at regular 
intervals until the previous spring, since which time she had been free of 
symptoms. Thirty hours before entry, she began vomiting and had 
continued to display this symptom, together with feverishness and 
great prostration. There had been no diarrhea noted. Examination 
showed a well developed and nourished child with flushed cheeks, an 
apprehensive expression, and considerable evidence of dehydration. 
The breathing was rapid, shallow, and irregular, and there was an 
acetone odor to the breath. The tonsils were moderately large and 
both ear drums were thought to be injected. She was thought to have 
an acute upper respiratory infection with profound ketosis, though the 
condition of the throat and ears did not seem sufficient to account for 
the extreme prostration and a temperature of 105°, which was present. 
Examination of the urine showed a trace of acetone, but was otherwise 
negative. Both ear drums were incised without relief. Energetic 
treatment was instituted to combat the acidosis and dehydration, but 
the symptoms continued unabated. On the 28th, three days after 
admission to the hospital, the patient suddenly became comatose and 
respirations ceased a few hours later. 

Post-mortem examination showed evidence of marked dehydration, a 
fatty liver, and engorgement of the esophageal and gastric mucosae. 
There were numerous hemorrhagic areas in the ilium and jejunum and 
swollen mesenteric nodes, suggesting an enteric infection. Micro- 
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scopic section through these hemorrhagic areas showed marked diph- 
theritic inflammation of the mucosa with partial loss of the mucosal 
surface, fibrin deposit, and polymorphonuclear cell infiltration. 
Cultures taken at autopsy from both the intestinal contents and the 
right ureter grew out colonies of E. dysenteriae Sonne in large numbers. 


Case 6. P. M., a white, male child of three and one-half years, was 
admitted to the hospital January Ist, with the complaint of convulsions. 
The family history revealed that one week before the onset of the 
patient’s illness, a sibling, aged forty-four days, had died suddenly of 
unknown cause, and that four days before, another sibling, aged nineteen 
months, had recovered from an attack of vomiting and diarrhea. The 
patient had been well until the night before entry, when he vomited and 
developed diarrhea, passing 8 loose stools containing mucus. The 
morning of the day of admission the diarrhea continued and he had 
two generalized convulsions, each lasting about fifteen minutes. On 
admission the temperature was 103°. Examination showed a well 
developed and nourished child appearing acutely ill. The throat was 
injected and there was evidence of marked dehydration and acidosis. 
Otherwise the examination was negative. Intravenous glucose and 
subcutaneous salt solution were given immediately with rapid improve- 
ment. The following day the temperature was normal and the patient 
seemed otherwise well, though he continued to pass an increased num- 
ber of stools containing mucus for about a week. 

Laboratory data showed the leukocyte count to be 8150 with 84 per 
cent polymorphonuclear cells. Cultures of the stools on the day of 
admission yielded many colonies of E. dysenteriae Sonne. Stool cultures 
remained persistently positive up to February 10, when the first negative 
culture was obtained. An attempt was made on February 13 to culture 
the organisms from aspirated bile and duodenal contents. The attempt 
was not successful. The patient’s serum on February 15, six and one- 
half weeks after the onset of the illness, failed to agglutinate Flexner or 
Hiss dysentery organisms, but agglutinated Sonne organisms in a dilu- 
tion of 1:40. The patient was discharged from the hospital Feb- 
ruary 18, remaining, however, under the observance of the Board of 
Health. 


From the foregoing description of the disease, it is seen that 
dysentery caused by the Sonne bacillus may be either quite mild 
or of a very alarming nature. While the great majority of the 
cases are not severe enough to cause any great concern, occa- 
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sionally one encounters a case that, without careful bacteriologi- 
cal study, could not be distinguished from some of the more 
severe types of enteric disease. That the Sonne bacillus is 
possessed of considerable invasive power is shown by the autopsy 
findings in case 5. It has been noticed that the organisms are 
apt to remain in the feces for weeks after the subsidence of the 
symptoms, and for this reason carriers are probably quite common 
and important in the transmission of the disease. The persistence 
of the organisms in the stools of convalescents is well shown in 
cases 1 and 6. 


CULTURAL CHARACTERISTICS 


In the isolation and identification of E. dysenteriae Sonne the 
same technique has been employed as with other members of the 
typhoid-dysentery group of organisms, which in brief is as follows: 

As soon after passage as feasible, the stool specimen is brought 
to the laboratory, where it is plated out on an eosin-methylene- 
blue agar plate. After twenty-four hours incubation, suspicious 
colonies are fished to Russell’s double sugar agar slants. Organ- 
isms giving a suspicious reaction on Russell’s medium are then 
tested for motility, run through fermentation reactions, and 
later agglutinated with appropriate immune serums. For the 
routine fermentation tests, we have employed 8 sugars: glucose, 
mannitol, maltose, lactose, xylose, rhamnose, sucrose, and 
dulcitol. Motility is examined for, using twenty-four-hour 
broth cultures grown at room temperature. 

E. dysenteriae Sonne has been found to differ but little mor- 
phologically from other dysentery organisms. The organism is a 
short, coliform bacillus showing a tendency toward involution 
forms. It is decolorized by Gram’s method of staining. It is 
non-motile. It does not liquify gelatin, even after twenty-one 
days cultivation on thismedium. Indolisnot produced. Litmus 
milk is rendered acid after twenty-four hours, but clotting does 
not occur even after twenty-eight days, the milk remaining acid 
throughout this period. 

On eosin-methylene-blue agar plates, the Sonne organism 
produces round, well defined, greyish-white to clear colonies, 
indistinguishable from the colonies of other dysentery bacilli 
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after twenty-four hours incubation. However, after longer in- 
cubation, the colonies become larger, more irregular in outline, 
and present a more or less characteristic crenated border. On 
plain hormone agar and in liquid media the growth is not different 
from that of other members of the typhoid-dysentery group of 
organisms, 

In contradistinction to the results reported by certain other 
workers, the Sonne bacillus has been found to be fairly uniform 
in its fermentation reactions. Twenty-eight strains of the 
organism recovered from 28 cases of dysentery have been ex- 
amined in detail. Slight cultural variations have been found 
within the group (see table 1). The fermentation reactions 
are as follow: 


Glucose: Uniform acid production without gas in twenty-four hours. 
Mannitol: Uniform acid production without gas in twenty-four hours. 
Malltose: Uniform acid production without gas in twenty-four hours. 

Lactose: Acid production without gas, usually apparent by the third 
day, but occasionally delayed as long as the seventh day. 

Xylose: No acid or gas, even after twenty-one days. 

Rhamnose: Uniform acid production without gas in twenty-four 
hours. 

Sucrose: Delayed acid production without gas was noted with 
15 of 28 strains. Acid production, when present, was usually apparent 
by the sixth day, but in one instance was not evident until the fifteenth 
day. Thirteen strains failed to produce acid, though incubated for 
twenty-one days. 

Dulcitol: Acid or gas not produced, even after twenty-one days. 

Glycerol: Delayed acid production without gas was noted with 14 
of 28 strains. Acid production, when present, was usually noted about 
the twelfth day, but in one instance did not appear until the twenty- 
first day. Fourteen strains failed to produce acid, though incubated 
for twenty-one days. 

Inulin: Neither acid nor gas produced, even after twenty-one days. 

Dezxtrin: A slight production of acid occurred with 17 of 28 strains, 
usually present after twenty-four hours incubation, but in one instance 
delayed until the tenth day. Eleven strains failed to produce acid, 
even after twenty-one days. 

Sorbitol: Acid or gas not produced, even after twenty-one days. 
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Galactose: Uniform acid production without gas in twenty-four hours. 

Raffinose: Uniform acid production without gas, usually present in 
two to six days, but in one instance delayed until the tenth day. 

Arabinose: Uniform acid production without gas in twenty-four 
hours. 

Levulose: Uniform acid production without gas in twenty-four hours. 

Salicin: Neither acid nor gas produced, even after twenty-one days. 

Inositol: Neither acid nor gas produced, even after twenty-one days. 


SEROLOGICAL REACTIONS 


The majority of these cases of Sonne dysentery occurred 
before either Sonne immune-serum or a known culture of £. 
dysenteriae Sonne was available. However, it was early recog- 
nized that this was a type of dysentery caused by an organism 
that had not been previously encountered here. Each strain 
was tested, when isolated, for agglutinability with Flexner 
dysentery anti-serum (Lederle) and polyvalent dysentery anti- 
serum (Mulford), with uniformly negative results. That the 
strains were identical, was proved by cross agglutination reactions 
obtained by using at first patient’s immune-serum and later 
immune serum from rabbits inoculated with emulsions of strains 
VB (VB-r serum, titer 1:640) and MW (MW-r serum, titer 
1:5120). The results of these cross agglutination tests are given 
in table 2. 


A COMPARISON OF E. DYSENTERIAE SONNE WITH CERTAIN OTHER 
LATE-LACTOSE FERMENTING BACILLI 


Noting the similarity existing between EF. dysenteriae Sonne, 
the metadysentery bacilli described by Castellani (1927), and 
E. dispar described by Andrewes (1918), cultures of these organ- 
isms were obtained from the American Type Culture Collection 
and were subjected to cultural and serological comparison. 
Immune serums were prepared in rabbits and cross agglutination 
reactions carried out. The three organisms have been found to be 
identical in morphology, in being non-motile, in not liquefying 
gelatin, in fermenting lactose late, and in rendering milk acid 
without clot formation. In their fermentation reactions, EZ. 
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dysenteriae Sonne (Eberthella paradysenteriae Sonne no. 31) and 
the metadysentery bacillus (EZ. metadysenteriodes no. 4086) have 
been practically identical, while £. dispar (Eberthella dispar no. 29) 
has been distinctly different in this regard. £. dispar has also 
differed from the other two organisms in producing indol. These 
results are shown in table 3. £. dysenteriae Sonne and FE. meta- 
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Eberthella paradysenteriae Sonne 
E. metadysenteriodes (Castellani)...............| 
E. dispar (Andrewes)................ 





dysenteriodes have been agglutinated equally well in immune 
serums prepared with each of these organisms, while EZ. dispar 
has not been agglutinated by these serums. Likewise, an immune 
serum prepared with Z. dispar failed to agglutinate E. dysenteriae 
Sonne or EL. metadysenteriodes, but agglutinated the homologous 
organism in a dilution of 1:5120. These cross agglutination 
results are given in table 4. 
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It may be concluded that FE. dysenteriae Sonne and E. dys- 
enteriodes Castellani are strains of the same organism and should 
not be separately classified, while E. dispar Andrewes differs 
distinctly from these, and consequently is entitled to a place of it 
own in the late-lactose fermenting group of organisms. 


DISCUSSION 


Dysentery caused by the Sonne bacillus has been reported in 
Norway, France, Japan, Australia, England, and Scotland, but 
until very recently has not been encountered on this conti- 
nent. The finding of 32 cases of this type of dysentery in Boston, 
would indicate that the disease may have a more than casual 
incidence. 

Most cases of dysentery caused by the Sonne bacillus are of a 
mild diarrheal nature, but from time to time more severe cases 
occur in which the picture may closely simulate a Salmonella 
infection. The importance of careful bacteriological study is 
apparent, both from a clinical and epidemiological aspect. 

Dysentery of the Sonne type is not difficult of recognition 
bacteriologically, the outstanding characteristics of the causative 
organism being its cultural similarity to the Flexner bacillus, 
its latent formation of acid in lactose containing media, its inag- 
glutinability in Flexner dysentery anti-serum, and its agglu- 
tinability with Sonne dysentery anti-serum. 


SUMMARY 


Thirty-two cases of dysentery caused by Eberthella dusenteriae 
Sonne are reported. 

Clinical features of the disease and case histories illustrating 
the mild and severe forms are given. 

A descriptive of the causative organism and its reactions is 
given in detail. 

The metadysentery bacilli described by Castellani are shown to 
be identical with EF. dysenteriae Sonne, while E. dispar described 
by Andrewes is shown to be entirely different from these 
organisms. 
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Attention is drawn to the fact that 2. dysenteriae Sonne is 
important as a cause of dysentery in this country, as indicated 
by this study. 
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BACTERIAL FLAGELLA 


Flagella staining is generally considered a rather difficult pro- 
cedure and even with the most careful technique only a few of a 
great number of slides show satisfactory flagella. The main 
trouble with most flagella stains is that the mordant which is 
used is not stable. Good results may be obtained at one time 
and poor results the next. An important property of a good 
flagella stain should, then, be a stable mordant. Such a mordant 
was described by Gray (1). He mixed potassium alum, mercuric 
chloride, tannic acid, and alcoholic fuchsin and immediately 
poured the mixture on the smear. All these reagents are per- 
fectly stable and the stain can always be duplicated. It is excel- 
lent as compared with other flagella stains. A counter stain of a 
strong solution of basic fuchsin is also necessary. ‘This stain gives 
most excellent results with the sporulating organisms such as 
B. vulgatus, B. subtilis, B. terminalis, Cl. botulinum, Cl. tetani, etc. 
With Bact. typhosum, and the Vibrios, not so good results are 
obtained. Various modifications of the stain were tried. A 
distinct improvement was the addition of sufficient hydrochloric 
acid to the alum to make the concentration of acid 1/100 N. 
Ammonium alum in place of potassium alum was found to give 
fully a good result. However, it was not until addition of 
alcohol was tried that an almost perfect flagella stain was ob- 
tained. Without the alcohol in the so-called “‘mordant,” the 
flagella can be seen very faintly without the counter stain. With 
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the alcohol, no counter stain is needed, and the flagella are 
intensely stained and enormously enlarged. 


METHOD OF MAKING SMEARS 
The slides 


The slides must be as clean as possible. Our method is to put 
the old slides in an alkaline soap solution to remove the oil, then 
into good cleaning solution for a day or so. The slides are then 
washed carefully with distilled water and dried between paper 
towels. Washing with alcohol seems to have no additional clean- 
ing effect. The slides selected should be as free from scratches 
as possible. Just before use they are flamed strongly. 


The organisms 


The organisms are best grown in bouillon for twelve to twenty- 
four hours from which they are centrifuged, suspended in distilled 
water, recentrifuged, and resuspended to give a slightly milky 
suspension. This amount of washing is usually sufficient but 
further washing may sometimes give a clearer slide. Very good 
results may also be obtained by making a dilute suspension of the 
organisms from an agar slant. A loopful of the organisms is 
placed on the end of the slightly warm slide and allowed to run 
down the slide. If the water does not run down the slide it is 
greasy and should be discarded. Contrary to general opinion the 
flagella on some bacteria at least, are not easily broken off. A 
suspension of typhoid bacilli in distilled water was shaken in a 
shaking machine for twenty minutes with only a loss of about 
50 per cent of the flagella. Suspended in distilled water, the 
flagella on typhoid bacilli were found to remain intact for one 
month. Nostains were made after this length of time. Bacillus 
terminalis flagella were still intact on the organisms after two 
weeks in distilled water. 


The stain 


Basic fuchsin is by no means the only dye which can be used in 
the flagella stain. Methylene blue and crystal violet have been 
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used with about equal success. Differences in the solubilities of 
these dyes in alcohol makes it necessary to add them in different 
amounts to obtain the best results. With basic fuchsin the stain 
has the following composition : 


cc. 


Ammonium or potassium alum, saturated water solution............ 20 
Tannic acid, 20 per cent water solution...................... a AB 10 
tis uc Hareb aUe wed Vewebudesdeedcapeece cece apes 10 
EE I Ee hee Oe ee ee ee 15 
Saturated ethyl alcoholic solution of basic fuchsin............... jin, |e 


Crystal violet is about twice as soluble in alcohol as is basic 
fuchsin. If this dye is used, only about 1.5 ec. of it should be 
added in place of 3 cc. of basic fuchsin. Methylene blue is soluble 
to only the amount of about 1.5 per cent, or one-fourth the 
solubility of basic fuchsin. Since considerable alcohol is thus 
introduced with the dye the amount of alcohol added as such 
should be reduced to one-half. With methylene blue the follow- 
ing formula is recommended: 


Ammonium or potassium alum, saturated water solution............ 20 
Tannic acid, 20 per cent water solution.......................e.000. 10 
Distilled water...........00s: Sekine aed candd Chuan ss valecdsedneckabede 5 
95 per cent ethyl alcohol......... NS SE RE Ee Pee 5 


Saturated alcoholic solution of methylene blue. ... 


The ingredients are mixed in the order given. A slight precipi- 
tate usually forms which may be filtered off but this is not neces- 
sary. The stain should be kept in a tightly stoppered bottle and 
will keep for a week or more. As the stain gets old it stains more 
faintly than at first but less precipitate also forms on the slides. 
The stain will remain in good condition longer if a greater amount 
of dye is added, but only after one or more days does it really 
become good. If the stain is to be used at the time of preparation 
only, the quantities of dye which are added may be reduced. 
Instead of 3 ec. of fuchsin 2 cc. will give somewhat better results. 

On a warm day the unfixed smears may be flooded with the 
stain and left at room temperature for ten minutes. On a cold 
day, however, it is better to place them in the incubator. The 
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higher the temperature the more deeply stained the flagella will 
be but more precipitate will also form on the slide. After about 
ten minutes the stain is washed off with water. 


Counter stain 


As far as the flagella themselves are concerned no counter stain 
isneeded. Very beautiful preparations can be obtained, however, 
by using a counter stain of a color different from that of the stain. 
With the flagella stained red the organisms can be stained blue by 
counter staining for five to ten minutes with an aqueous solution 
of methylene blue made as follows: 


Methylene blue (dry powder) 


Carbol fuchsin diluted 1/10 with water applied for five to ten 
minutes makes a good counter stain in case the flagella are blue. 


DISCUSSION 


Very little work seems to have been done lately on the nature 
of bacterial flagella. ‘The most complete discussion of the subject 
seems to be that of Migula in his well-known “System der Bak- 
terien.””’ From the data then at hand Migula concluded that 
flagella were out-growths of the bacterial ectoplasm. This idea 
also seems to be generally accepted at the present time. From 
the appearance of flagellar preparations of Bact. typhosum, and 
Proteus vulgaris a different conclusion may be drawn. As already 
stated, neither of these organisms stains solidly with the flagella 
stain. The flagella, the ectoplasmic zone, and a central column 
are stained red. The rest of the organism is colorless unless a 
counter stain is used in which case it takes the color of the counter 
stain. In a number of cases the flagella are seen to originate in 
the central column. Only rarely does a flagellum originate be- 
tween the central column and the ectoplasmic zone. Most fre- 
quently the flagella seem to originate on the surface. Figure 1 
shows drawings of a number of typhoid bacilli. Figure 2 is a 
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photograph of typhoid bacilli. It is possible that the central 
column is an artefact, and represents a shrunken endoplasm. 
This being the case the clear zone between it and the ectoplasm 
should be empty. This would not seem to be the case, however, 





Fic. 1. BAcTERIUM TYPHOSUM 


So a_ 


eo" 


Fic. 3. Visrio FiInKLor-PRIoR 


from the way it takes the counter stain. Even very dilute 
alkaline methylene blue stains it quite heavily. The alternative 
explanation would be that the central column is a definite struc- 
ture running along the centre of the organism and having a com- 
position similar to that of the flagella. 
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The sporulating organisms studied, both Gram positive and 
Gram negative, stain solidly except in the case of B. cereus. In 
the case of this organism the ectoplasm is stained only in patches. 
The vibrios (V. metchnikovi, and V. finklor-prior) stain evenly and 
somewhat faintly. When counter stained with Manson’s methyl- 
ene blue (5 per cent borax + 1 per cent methylene blue) many 
of them show the interesting structure illustrated in figure 3. 

From the data obtained, with Bact. typhosum especially, it 
might be concluded that bacterial flagella are not of ectoplasmic 
origin but originate in the endoplasm, and perhaps in come defi- 
nite structure in the endoplasm. This conclusion would find 
substantiation in the work of Smith and Reagh (2) where it was 
shown that agglutinins produced against a motile strain of Hog- 
cholera organisms were not very active against a non-motile 
strain of the same organism. It is concluded that the agglu- 
tinins for the flagella and the cell body are different. 

In the case of organisms having terminal spores, the flagella as 
a rule first fall off the end in which the spore is located. This 
perhaps may not be taken to indicate that the flagella come from 
the endoplasm but merely that the ectoplasm is weakened around 
the spore. Figures 4 and 5 are photographs of Cl. botulinum show- 
ing both flagella and spores. Figure 4 was especially selected to 
show an organism in which the flagella were still intact even on 
the spore end. 

Flagella and capsules may be present on the same organisms. 
An especially beautiful demonstration of this is found in the case 
of Ps. aeruginosa (pyocyaneus) as shown in figure 6. These cells 
were obtained at autopsy from the peritoneal fluid of a guinea 
pig injected with the specific organism. 

In the experiments on the effect of additions of acid (hydro- 
chloric) to the flagella stain it was noticed that when a certain 
concentration (1/10 N) was reached the flagella would no longer 
stain evenly but as a series of dots. The dots are round and 
evenly spaced. If the acid concentration is increased still further 
the flagella do not stain at all. If earbol fuchsin is added to a 
hanging drop of Vibrios (and other organisms as well) some 
flagella can be seen. These flagella are not stained solidly but 
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as a series of dots. These dots may be artefacts, of course. If 
they represent real structures the probability would be from their 
staining behavior that they are nuclear in nature. 
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BACTERIAL CAPSULES 


The stains generally used for bacterial capsules are not alto- 
gether satisfactory. The stain for flagella described in the pre- 
ceding pages is also an excellent capsule stain. The method of 
making the smears and staining is exactly that described for 
flagella staining. The counter stain, however, is obligatory. 
With basic fuchsin in the stain and methylene blue in the counter 
stain, the capsules are stained red and the organisms blue. 

Organisms such as pneumococci may be stained for capsules 
by smearing the slides directly from peritoneal fluid. It is, 
however, generally best to wash the organisms in distilled water 
before making the smear. The washing is performed as described 
for flagella staining. The stains are most conveniently made by 
preparing the smears from distilled water suspensions of the 
organisms from agar slants. 

In case of organisms having both capsules and flagella, both 
are stained simultaneously as illustrated by figure 6. In such 
cases both the capsules and flagella take the color of the stain while 
the organisms take the counter stain. Organisms of the Bact. coli 
group have also been found with both capsules and flagella. The 
fact that flagella and capsules stain with the same stain does not 
necessarily indicate that they are of the same general nature. As 
the aleohol evaporates the dye precipitates, and in the process 
becomes adsorbed on the flagella, capsules, or any other materia! 
which may be on the slide. 

The capsulated organisms which have been stained successfully 
by this stain include: pneumococci, streptococci, staphylococci, 


Bact. aerogenes, Bact. coli, Ps. aeruginosa, Bact. pneumoniae, and 
B. anthracis. 


SUMMARY AND CONCLUSIONS 


1. A flagella stain is described which stains in ten minutes, is 
simple to make, stable for a week or more, and with which no 
counter stain is needed. 

2. The flagella and cell bodies may be stained a different color 
by the use of an appropriate counter stain. 
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3. Evidence is produced to show that flagella may not be of 
ectoplasmic origin, but may originate somewhere in the endoplasm. 

4. Sporulating organisms may retain their flagella although 
fully sporulated. The flagella fall off first where the spore 
is formed. 

5. Flagella and capsules may be co-existent. 

6. There are some indications that flagella are not homogeneous 
but contain masses of nuclear material distributed at regular 
intervals. 

7. The flagella stain described: is also an excellent capsule 
stain. This does not indicate that flagella and capsules are of 
similar composition. 
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In view of the general lack of confidence either in the ‘“‘globoid 
bodies” of Flexner and Noguchi or the streptococci of Rosenow 
as the specific etiologic agents in poliomyelitis, it would seem that 
some progress might be made by an indirect attack, such as that 
offered by the possibility of concentrating the virus by distillation 
in vacuo, or by some method of chemical precipitation. Either 
of the organisms mentioned, if of etiologic significance, must be 
present in the “‘filtrate”’ which is so uniformly infective. If, then, 
we can concentrate 50 or 100 cc. of this filtrate to 1 cc., the relative 
increase in the number of organisms should make them more easily 
cultivable (Bloomfield and Felty, 1924) and more easily demon- 
strable by direct microscopic examination. Also, the confusing 
extraneous material present in a brain cord suspension should be 
reduced by this procedure, and such a ‘concentrate’ might be 
more effective as an artificial immunizing agent than the suspen- 
sions used heretofore. 

In the summer of 1912, Flexner, Clark and Frazer employed 
the method of distillation in vacuo at relatively low temperatures, 
20° to 30°C., for the purpose of concentrating filtered washings 
from the nasopharynges of ‘‘contacts’’ with cases of poliomyelitis. 
That this method did not seriously injure the virus which might 
be present in the throats, was shown by subjecting the regular 
salt solution poliomyelitis filtrate to the same procedure. Mon- 
keys injected with brain-cord filtrate which had been concentrated 


1 This work was made possible through aid received from the International 
Infantile Paralysis Committee from funds given by Jeremiah Milbank. 
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about four or five times by volume, came down typically with 
characteristic symptoms and lesions. The results with the con- 
centrated nasal washings were negative, however, and since 
a “carrier” of poliomyelitis virus (Flexner, Clark and Frazer, 
1913) was successfully demonstrated by injecting small amounts 
of the original washings into the sheath of the sciatic nerves and 
large volumes (140 cc.) intraperitoneally, this in vacuo method was 
not published at the time. 

Subsequently, Amoss and Taylor (1917) used this procedure in 
concentrating distilled water nasal washings from normal persons 
anc from cases of poliomyelitis, demonstrating therewith that 
these washings, especially those from normal individuals, fre- 
quently had the power of inactivating poliomyelitis virus. 

The method of distillation in vacuo hardly needs description 
save to mention one or two minor details which we have found 
helpful in applying the method to this material. Many sealed 
capillaries in the spherical flask containing the virus to be distil- 
led prevented excessive bumping. Circulating ice water in the 
distilling tubes aided in maintaining low temperature during the 
warmer months; two smaller flasks connected in series with the 
distilling flask, and each separated by an air tight valve made it 
possible to add an indefinite amount of material without break- 
ing the vacuum. Thus the process could be run continuously 
until the desired concentration was effected. By using new rub- 
ber fittings every two or three times and paraffin on the joints, 
a vacuum of 12 to 15 mm. of mercury was obtained with the water 
pump. For the rapid progress of the concentration, it is neces- 
sary to apply the heat rather continuously, so a double jacketed 
water bath with an electric heater and thermostatic control was 
employed. The temperature outside the virus flask has been kept 
at about 40° while the inside temperature has remained usually 
at 20° to 21°C., never going above 25°C. The whole apparatus 
is assembled and sterilized in the autoclave before using. It is 
readily possible to concentrate 500 to 600 cc. of the virus filtrate 
to one-fiftieth or one-sixtieth of the original volume in four to 
five hours. 
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CONCENTRATION OF THE VIRUS BY DISTILLATION IN VACUO 


As we intended to concentrate the virus to a greater degree than 
in 1912, we at first employed in different experiments, distilled 
water, twentieth physiological saline or tenth physiologic saline 
as the diluent for the brain and cord suspension. This was to 
avoid possible injury to the virus through the marked increase 
in sodium chloride content coincident with the decrease in volume 
of water. We succeeded in obtaining active filtrates with these 
diluents, but the small amount of electrolyte in the suspensions 
caused such persistent turbidity, as to reduce the amount of virus 
that would pass through a Berkefeld or Mandler Filter as com- 
pared with that which would pass when physiologic saline was 
employed (see table 1, series 1). It was possible, however, to 
demonstrate that a filtrate made from a 10 per cent suspension of 
glycerinated poliomyelitis brain and cord diluted with twentieth 
physiologic saline could be reduced in volume by distillation in 
vacuo to one thirtieth of the original volume and produce the 
disease when injected in the amount of 0.03 ce. The control ani- 
mal died of colitis so that no quantitative statement can be made 
with reference to this series (see table 1, series 2). 

Because, however, of the relative lack of potency of the filtrates 
made with low salt concentrations, all of the later experiments 
were carried out with physiologic saline (0.85 per cent). Series 
3 (table 1) shows the results of such a reduction in volume in 
which the ‘“concentrate’’ was at least five or six times as potent 
as the filtrate and apparently as potent as the original brain cord 
suspension. The “concentrate” obtained by reducing the water 
content to one-thirtieth or less of the original volume is a light, 
reddish brown, thick, viscous fluid from which a small amount of 
precipitate gradually settles out leaving a moderately clear light 
amber colored fluid. 

In the fourth series, the concentration procedures gave a residue 
even more potent than the original 5 per cent brain cord suspen- 
sion (see table 1, series 4). 

The results have not in every instance been successful, however, 
especially in the last six months when the virus seems to have 
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altered in potency. Whether this has been due to the various 
types of handling to which the virus has been subjected or to one 
of the spontaneous changes in virulence described by Flexner, 
Clark and Amoss (1914) is not clear. During this period, doses as 
large as 2 cc. of the filtrate have sometimes failed to produce the 
disease and when effective doses have been given, the progress of 
the disease has been slow, and recovery would have been success- 
ful in many of the animals had they not been killed with chloro- 
form. Also, the individual susceptibility of an animal relatively 
more resistant than human beings, becomes more apparent when 
one is dealing with doses approximating the minimal effective 
amounts. One is reminded of the markedly irregular results 
obtained by the injection of the globoid bodies (Flexner, Noguchi 
and Amoss, 1915) and of the occasional successful infection 
following the injection of very small amounts of the filtrate. 


VIABILITY OF CONCENTRATED VIRUS IN SATURATED SALT 
SOLUTIONS 


Since the saturated salt solution resulting from the evaporation 
of the water did not appear to injure the virus immediately, it 


seemed advisable to determine the viability of the virus under 
these conditions so generally destructive for living cells. With 
the ‘“‘concentrate’’ maintained at refrigerator temperature (10° to 
12°), the virus remained fully potent for at least two months, be- 
coming somewhat less active but still highly infective at the end 
of four or five months (see table 2, series 5 and 6). 

Streptococci isolated by Dr. E. C. Rosenow from cases of polio- 
myelitis were treated in the same way as the virus, save that normal 
rabbit brain and cord were used to make the suspension and to the 
300 ec. of filtrate were added three blood agar slants of the 
organisms suspended in 1.5 cc. salt solution. The whole was 
concentrated 30 to 1 and cultures made at intervals. Growth 
was obtained, following the transplantation of liberal quantities 
through the fifteenth day but not on the thirty-fifth day. 

It is possible that the remarkable resistance of the poliomyelitis 
virus to the lytic effect of the saturated saline solution may be due 
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to the protective action of the associated proteins as shown by 
Olitsky and Boez (1927) for the virus of the mosaic disease of 
tobacco. Yet in the same medium, streptococci are destroyed 
much more promptly. They become shrunken and granular 
within three weeks. 

When considered in comparison with the prolonged viability 
of the virus under similar conditions, this would tend to indicate 
the absence of causal relation between the streptococci and polio- 
myelitis. 


ATTEMPTED CULTIVATION AND MICROSCOPIC EXAMINATION 


Many attempts have been made to cultivate organisms from 
the concentrates, and later from the dialyzed concentrates, and to 
study smears stained by a variety of methods. The media 
employed were glucose brain broth, Smith-Noguchi medium, 
blood agar, Locke’s egg medium, ascitic fluid broth and agar and 
ordinary beef infusion agar and broth. All told, about twenty 
concentrates from thirty monkeys have been planted and subse- 
quently examined for growth. Occasionally contaminations 
have been found, staphylococci, a diphtheroid, aerobic spore 
formers and finally, in one instance only, a streptococcus. This 
streptococcus was of the viridans type and fermented lactose, 
mannitol and salicin. It produced no apparent symptoms in a 
monkey when one-half of a blood agar culture was injected 
directly into the brain substance. 

Direct microscopic examination of the concentrates, using a 
variety of staining technics, has shown nothing that has not been 
found in normal brain cord suspensions treated in the same way. 
If streptococci were etiologically related to poliomyelitis, we 
should expect to find them in smears and cultures from these 
highly concentrated filtrates. 


PRECIPITATION OF THE VIRUS WITH VARIOUS PROTEIN 
FRACTIONS 


a. Water soluble and water insoluble fractions 


The presence of the large amount of salt in the concentrate 
proved, however, to cause difficulty in the examination of the 
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smears and was obviously also a handicap to its use in animals 
unless redilution were practiced. 

Hence, the concentrate was dialyzed with aseptic precautions 
against sterile distilled water in autoclaved bags made with celloi- 
din dissolved in equal part of alcohol and ether. Later in the 
work, cellulose sausage casings made by the Visking Corportion of 
Chicago were employed. The dialysis was continued until the 
diffusate no longer gave a test for chlorides upon the addition of 
silver nitrate solution. With the loss of salt, a rather heavy 
brownish-green precipitate was thrown out of solution and easily 
removed by centrifugation leaving a clear, straw-colored super- 
natant. 

The precipitates, secured in this manner from three different 
concentrates made from filtrates from six animals, have been 
tested for virus. After three washings in distilled water, the sedi- 
ment has been taken up in a small volume of physiologic saline 
in which it is largely redissolved and amounts equivalent to as 
much as 140 cc. of the original filtrate have then been injected 
intracerebrally into monkeys. In every instance the animals 
have remained entirely well (see table 3, series 7,8 and 9). The 
clear supernatant on the other hand has in every case proved 
effective in producing the disease, although in one instance 
(monkey 46) the animal did not become definitely paralyzed. 

A preliminary but not precise titration of the dialysate indicates 
that there is little loss of potency during the process, due allow- 
ance being made for the increase in volume (table 3, series 10). 

The diffusate, on the other hand, after the complete dialysis 
of the concentrate, has in one instance been concentrated and 
subsequently dialyzed free from sodium chloride. This material 
was injected into monkeys without producing poliomyelitis 
(table 3, series 11). 

It would seem reasonable to conclude therefore that the virus 
is not diffusible through a celloidin membrane, is not present in 
effective amounts in the water-insoluble proteins even when the 
precipitate from a volume of concentrate equivalent. to 140 cc. of 
the original filtrate has been injected, and that it does remain 
constantly associated with the water soluble proteins. 
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Further evidence along this line was sought by precipitating 
both the dialyzed concentrate and the regular 5 per cent filtrate 
with ammonium sulphate. 


b. Fraction precipitated by half saturation with ammonium 
sulphate 


After the water insoluble fraction had been removed from the 
dialysate by centrifugation, a grayish precipitate was secured by 
adding an equal volume of sterile saturated ammonium sulphate 
solution. This precipitate was removed by centrifugation and 
washed three times with half saturated ammonium sulphate solu- 
tion. This washed sediment was then taken up in a small volume 
of distilled water and dialyzed against sterile distilled water until 
the diffusate showed no trace of sulphates upon the addition of 
barium chloride solution and the dialysate no odor of ammonia 
upon the addition of strong sodium hydroxide to a test portion. 

A similar procedure was carried out with the virus filtrate. 

In both instances, the animals injected with the dialyzed precipi- 
tate obtained from the dialysate came down typically while one 
of the animals (60) injected with the similar material obtained 
from the filtrate came down typically and the other (74) developed 
a definite tremor, excitability and ataxia on the ninth day but the 
disease did not progress. Seven weeks later this animal devel- 
oped poliomyelitis following the injection of concentrate. In 
each of these instances the equivalent of relatively large amounts 
of virus was injected and no attempt has as yet been made to 
obtain quantitative information (table 3, series 12). 


c. The fraction precipitated by complete saturation with ammonium 
sulphate 


To each 100 ec. of the supernatant secured after half saturation 
as described above, were added 35 grams of sterile ammonium 
sulphate. After shaking the mixture and allowing it to stand for 
fifteen to twenty minutes, a light flocculent precipitate appeared 
which could be removed only by prolonged centrifugation (thirty 
to sixty minutes). This precipitate was then washed three times 
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with saturated ammonium sulphate and was resuspended in 
sterile distilled water and dialyzed until the diffusate showed no 
trace of sulphates. 

The results after inoculating this material were at first con- 
fusing. In two series, the animals (51 and 67) that received this 
albumen fraction from the dialysate, did not develop poliomyelitis 
while in the same two series, the animals that received the similar 
fractions from the filtrate developed typical poliomyelitis. The 
most plausible explanation of the difficulty seemed to be the 
marked difference in the volumes employed and the resulting 
difference in the effect of centrifugation. Two hundred cubic 
centimeters of filtrate had been employed whereas only 25 to 50 
ec. of the dialysates had been employed. This fact made it pos- 
sible to remove the precipitate resulting from half saturation 
with ammonium sulphate more completely in the case of the dialy- 
sate than in the case of the filtrate. Accordingly, in the next se- 
ries, prolonged centrifugation was used following the half satura- 
tion of the filtrate before completely saturating the supernatant 
with ammonium sulphate. The precipitate so secured did not 
produce poliomyelitis whereas the half saturation precipitate 
did (monkey 75). At the same time the half saturation portion 
of the dialysate was less completely centrifuged than usual so that 
the supernatant was not completely clear. Following this pro- 
cedure, the fraction obtained by complete saturation did produce 
poliomyelitis in a monkey (see table 3, series 13 and 14). 

The final supernatant after the last precipitation by complete 
saturation, was also tested in two series for the presence of the 
virus and in neither instance did it produce any effect in animals. 
This supernatant was dialyzed free from ammonium sulphate 
and then concentrated to a few cc. and injected (see table 3, 
series 15). 

There seems little doubt therefore that the virus is precipitated 
with the globulin fraction by ammonium sulphate and that as 
the earlier dialysis experiments indicate, the pseudo or water 
soluble globulins are the essential carriers of the virus. 

In one instance each, the precipitates obtained by the addition 
to the virus of two volumes of absolute alcohol in the one case and 


. 
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three volumes of acetone in the other, produced no result when 
injected intracerebrally into monkeys. 


USE OF CONCENTRATION IN VACUO IN DETERMINING THE INFEC- 
TIVITY OF FECES AFTER FEEDING MONKEYS WITH THE VIRUS 


The demonstration by Aycock and others that poliomyelitis 
may apparently be spread through milk supply, raises the ques- 
tion whether the milk is contaminated by droplets from the naso- 
pharynx or whether the virus may occasionally pass through the 
feces unaltered and thus reach the milk supply. Also, the possi- 
bility that the infection may in these milk borne epidemics actu- 
ally take place through the stomach or the intestines rather than 
the nasopharynx is again suggested. 

Accordingly, 3 monkeys were fed about once in five days by 
stomach tube with 20 to 25 cc. brain cord suspensions, two for a 
period of fourteen weeks with a total of 310 ce. each and one for 
eight weeks with a total of 215cc. These animals did not develop 
poliomyelitis and subsequently all came down typically follow- 
ing intracerebral injection of the virus. This is in accord with 
earlier observations by Flexner and Lewis (1910), and with a more 
recent report by Schultz, (1929). Leiner and v. Wiesner, through 
the use of sodium bicarbonate to neutralize the hydrochloric acid 
of the stomach and large doses of morphia to reduce the peristal- 
sis, succeeded in producing the disease in 2 out of 5 monkeys fed, 
but Amoss (1928) following their procedure and giving even 
larger doses did not confirm their observations. 

During the course of this feeding experiment, after the animals 
had been fed a total of 150 ec. each over a period of approximately 
a month, they were, after two successive feedings of 20 ec. each, 
placed at once in clean, sterile cages. The feces of the three mon- 
keys were collected each time over a period of forty-eight hours, 
resulting in a total of 65 grams. A 10 per cent suspension was 
made, shaken, centrifuged and the supernatant filtered through 
sterile Mandler filters. The 500 cc. of filtrate obtained were 
concentrated in vacuo to 10 ec., and dialyzed free of sodium chlo- 
ride, thus being increased in volume to30cc. One and one-fourth 
cubic centimeter of this dialysate, representing roughly the salt 
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solution soluble equivalent of the feces passed by one monkey in 
about twelve hours, was injected intracerebrally into monkey 39. 
Following an incubation period of six days, the monkey developed 
typical symptoms of poliomyelitis which became progressively 
worse, with complete paralysis and a fatal termination two days 
later. The identity of the disease was confirmed by the micro- 
scopic findings and by reinoculation into another monkey with 
the production of typical poliomyelitis in that animal also (see 
table 4, series 16). 


TABLE 4 
Infectivity of feces after feeding monkeys with the virus 
See table 1 
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In five series of experiments with a total of ten monkeys in- 
jected, we have tried to repeat this experiment without, however, 
using the month’s preliminary feeding which seemed to us not 
involved in the immediate question. The duration of time of 
feeding of the virus prior to the beginning of collection has varied 
from thirty minutes to four days; the duration of time of collec- 
tion after feeding has varied from sixteen to forty-eight’ hours; 
the virus has also been fed during the period of collection in 
amounts from 20 to 150 cc. in twenty-four hours; suspensions 
from glycerinated and from fresh tissues have been employed; and 
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the dialysates have been injected not only intracerebrally in 
volumes of 1 to 3 ce. but intraperitoneally in volumes of 2 to 10 cc. 
All of these have given negative results; so we are forced to con- 
clude that the virus does not pass through the intestinal tract of 
monkeys even when fed in enormous amounts save under excep- 
tional and unknown conditions. Also, feces collected from 3 
groups of monkeys (8 in all) during the acute stages of the disease 
were collected and carried through the same procedure. The 
three monkeys inoculated with these dialyzed concentrates, re- 
mained well. By exclusion, the importance of the upper respira- 
tory tract in the transmission of poliomyelitis is again emphasized. 


SUMMARY AND CONCLUSIONS 


It has been possible to concentrate poliomyelitis virus by dis- 
tillation in nacuo so that the residue is more potent than the origi- 
nal filtrate or the brain cord suspension from which the filtrates 
are made. 

The virus remains potent in the ‘‘concentrate,’’ even though 
the solution contains sodium chloride to saturation, for more than 
four months. 

On the other hand, streptococci, isolated from cases of polio- 
myelitis, concentrated in a filtrate of normal brain cord suspen- 
sion, are no longer viable after thirty-five days. This would tend 
to discredit the streptococcus as the specific etiologic agent in 
poliomyelitis. 

The “concentrates” can be dialyzed against sterile distilled 
water without essential loss of potency. 

The virus is present in the water-soluble portion of these dialy- 
sates and not in the water-insoluble or euglobulin fraction. 

The virus is not demonstrable in the concentrated diffusate. 

The virus is present in the globulin precipitate, obtained 
either from the regular filtrates or from the ‘‘dialysates,”’ following 
half saturation with ammonium sulphate. 

Complete saturation of the thoroughly centrifuged supernatant 
so obtained, gives a precipitate (albumen fraction) which does not 
contain the virus. 


”” 
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The virus is not demonstrable in the concentrated final super- 
natant after complete saturation with ammonium sulphate. 

These fractional precipitations together with the facts obtained 
following dialysis indicate that the virus remains constantly asso- 
ciated with the pseudoglobulin fraction of the proteins. 

In one out of six experiments, the feces, obtained fallowing the 
feeding of large volumes of poliomyelitis virus, gave an inoculum 
with which the disease was experimentally produced. The 
concentration of feces from acute cases gave negative results in 
the three groups investigated. These experiments would indi- 
cate that the virus does not commonly pass through the intestinal 
tract of monkeys in an infective form. 

Many attempts have been made to cultivate a significant organ- 
ism from the highly infective concentrates and dialysates with 
negative results. Streptococci were found as a contaminant in 
one instance only. Stained smears have also shown nothing that 
could not be found in the ‘‘dialysate’’ from normal sources. 
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I. INTRODUCTION 


The present article deals with various aspects of carbohydrate 
utilization by the organisms of the genus Mycobacterium when 
meat infusion broth constitutes the basis of the media in which 
the organisms are grown. A correlated study in which a synthetic 
media was used will be reported in a subsequent article. 

There is a scarcity of reported research dealing directly with 
the problem of carbohydrate utilization by organisms of the 
genus Mycobacterium. Most of the reported work, wherein 
plain broth has been used as the basis of the media, provides no 
satisfactory quantitative information as to the extent of carbo- 
hydrate utilization. The reason for this will become apparent 
from subsequent considerations. 

Until quite recently, direct quantitative estimations have not 
been extensively applied to the determination of carbohydrate 
utilization by bacteria. In the case of the vast majority of 
bacteria that have been studied, there is associated with the utiliza- 
tion of carbohydrates the production of various organic acids as 
cleavage products. The accumulation of these acids in the media 
results in an increase in hydrogen ion concentration. By the use 
of appropriate indicators this acid production has been readily 
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demonstrable. This has constituted the most commonly used 
criterion for carbohydrate utilization. 

There has been encountered no increase in acidity aeccompany- 
ing the growth of organisms of the genus Mycobacterium when 
grown in carbohydrate broth (Merrill, 1928, 1929). Using pH 
changes as an index it is then not clear whether any of the organisms 
of this group do, or do not, utilize any carbohydrates. 

Theobald Smith (1905) long since demonstrated clearly that the 
addition of glycerol to broth increased the growth of Myco. tuber- 
culosis (hominis). He also demonstrated a terminal acidity when 
this organism was grown in 3 per cent glycerol broth. The first 
reaction change, however, was distinctly to the alkaline side. The 
usual criterion of early acid production thus does not hold even 
with glycerol. That the presence of glycerol increases the growth 
of the human type of Myco. tuberculosis, however, cannot be 
doubted. This suggests that glycerol is utilized. In the case of 
Myco. tuberculosis (bovis) the reaction was shown by Smith to 
become progressively alkaline in glycerol broth. The evidence of 
utilization is thus inconclusive. é 

Kendall, Day, and Walker (1914) in working with several 
species of this genus, including some saprophytic strains, did not 
in a single instance obtain a primary acidity. They stated that 
evidently there was an acid production from the glycerol but that 
it was a “differential acidity,” alkaline products being formed in 
excess. They were, nevertheless, convinced that the glycerol 
was utilized, but were of the opinion that glucose and mannitol 
were not utilized. Similar results were later reported by Long 
and Major (1922). Gamble and Herrick (1922) report utiliza- 
tion of glucose by the tubercle bacillus. 

Work done by Frouin and Guillaume (1923) would indicate that 
some carbohydrates are utilized by Myco. tuberculosis (hominis) 
and their later work (1926) leaves little doubt that some of the 
carbohydrates are utilized. 

The work of Braun et al. (1924, 1924a, 1924b, 1925), which will 
be considered more fully in a subsequent report, gives quite con- 
clusive evidence that carbohydrates and their derivatives can be 
utilized by many of the organisms belonging to the genus Myco- 
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bacterium, at least when these organisms are grown in synthetic 
media. 

There are still some workers, however, who believe that aside 
from glycerol there is no utilization of carbohydrates or their 
derivatives by these organisms. Recently Weinzirl and Knapton 
(1927) from their results of an extensive study of the reaction 
curves of fifteen species of bacteria of the genus Mycobacterium 
on synthetic media stated that glucose, mannitol, and lactose 
are apparently not utilized. Their methods, however, were not 
designed to determine whether the carbohydrates were utilized 
since reaction curves constituted their only criterion for utiliza- 
tion. As will be shown below, results based upon such methods 
are indefinite. 

A problem quite fundamental in character thus presents itself. 
The Mycobacteria apparently utilize carbohydrates without the 
production of acids. How, then, does the carbohydrate me- 
tabolism of these organisms differ from that of most bacteria? 
What is the extent of carbohydrate utilization by the Myco- 
bacteria? What are the end products? How does the presence 
of carbohydrates in a medium affect protein metabolism? 


II, ORGANISMS USED IN THIS STUDY 


The organisms studied comprise a number of the so-called 
“acid-fast” microdrganisms classified in the genus Mycobac- 
terium. In all, nineteen organisms were used. The species 
names and sources from which these were obtained were as follows: 


1. Mycobacterium tuberculosis (hominis). Three strains of this 
organism were used: 

a. H-37 strain obtained from the American Type Culture Collection 
of Chicago. 

b. M-1 strain which was isolated by the author from the sputum of a 
tuberculosis patient at the Veterans Bureau Hospital located at Jeffer- 
son Barracks, Mo. This strain was definitely pathogenic for guinea 
pigs. 

c. A saprophytic strain which has been carried in stoek in the lab- 
oratory for some years. This stain was originally isolated from human 
sputum. It grows rapidly and is now non-pathogenic for guinea pigs. 
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2. Mycobacterium tuberculosis (bovis) No. 112 of the American Type 
Culture Collection of Chicago. 


3. Mycobacterium leprae. Six strains of this organism were used. 
All were obtained from the American Type Culture Collection of 
Chicago. Their serial numbers are as follows: 282, 65, 66, 67, 68 and 69. 


4. Mycobacterium avium, No. 118 of American Type Culture 
Collection. 


5. Mycobacterium ranae, No. 110 of American Type Culture 
Collection. 


6. Mycobacterium chelonei, No. 114 of American Type Culture 
Collection. 


7. Mycobacterium smegmatis, a laboratory culture the exact origin of 
which is unknown. 


8. Mycobacterium butyricum, No. 357 of American Type Culture 
Collection. 


9. Mycobacterium berolinensis, No. 356 of American Type Culture 
Collection. 


10. Mycobacterium friburgensis, obtained some years ago from the 
University of Pennsylvania. 


11. Mycobacterium stercusis, No. 77 of American Type Culture 
Collection. 


12. Mycobacterium phlei, a laboratory culture, the exact origin of 
which is unknown. 


13. Mycobacterium piscium, No. 111 of American Type Culture 
Collection. 


III. REACTION CHANGE DETERMINATIONS 


The first undertaking was to determine if there occurred a change 
in reaction towards the acid side as a result of growth of each of 
these organisms in glucose broth. In every instance it was ob- 
served that the reaction of the media became progressively more 
alkaline. This was found to be the case in carbohydrate broth as 
well as in plain broth, i.e., there was no evidence of accumulation 
of acid in the media. These results are in agreement with those 
of previous workers (Smith, Kendall et al.). This eliminated 
any possibility of direct determination of carbohydrate utilization 
by the generally used indicator method. 

Kendall et al. (1914) and Long (1922) determined the reaction 
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curves of several organisms of this group and observed that these 
curves differed with the different carbohydrates employed. They 
were not concerned with the demonstration of the utilization of 
carbohydrates but it seemed possible that in this study variations 
in the reaction curves induced by the addition of various carbo- 
hydrates might be employed as a method of determining whether 
the respective carbohydrates were or were not utilized. 

To this end the following experiments were carried out. Various 
factors which might be concerned in reaction curve determina- 
tions are first considered; typical reaction changes as observed 
with various carbohydrates are then presented. 


Methods 


Standard meat infusion broth, to which 200 mgm. secondary 
potassium phosphate per liter was added, was used throughout as 
the basic medium for the reaction curve determinations. The 
method of determining the reaction changes in the cultures was 
essentially the same as that used by Long (1922) ; phenol sulphon- 
phthalein (phenol red) in a concentration of 0.001 per cent being 


used as the indicator, Clark (1920) buffer systems being used for 
the standards, and the Dernby and Avery (1918) comparator 
block method being used in making comparison. The standards 
gave a definite color change from pH 6.8 to pH 8.0 and approxima- 
tions of reasonable accuracy could be made down to pH 6.0 and 
up to pH 8.6, thus giving a satisfactory range for pH determina- 
tions. 

Tubes of uniform size (18 by 150 mm.) were used throughout the 
entire work. In the preliminary experiments the media were 
adjusted to pH 7.2 to 7.4, sufficient carbohydrate was added to 
make a 1 per cent solution, the media tubed accurately with 10 
ec. per tube, and sterilized at 15 pounds for fifteen minutes. 
One sterilization was adopted, since this yields less hydrolysis 
(Mudge, 1917). 

Most of the organisms of this group are especially adapted for 
this type of study due to their obligate aerobic requirement which 
causes them to grow in the form of a pellicle at the surface, leaving 
the underlying liquid clear. In inoculating the tubes due recog- 
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nition was given this fact. The inoculum was made to float if 
possible and, where not possible, it was smeared on the sides of the 
tube at the surface of the media, care being taken in every case to 
make certain that some of the inoculum was in contact with the 
surface of the liquid medium. This insured an early and more or 
less uniform growth. In some of the later determinations a thin 
slice of cork was placed in each tube, prior to sterilization, and the 
inoculum placed on the cork, making it easier to keep the growth 
floating throughout the duration of incubation. 

Some of the crude preliminary tests are considered worthy of 
mention because of the general principles concerning the me- 
tabolism of this group of organisms which are therein illustrated, 
and also because they throw new light on previous work in which 
reaction changes in the cultures were studied, especially that of 
Long and Major (1922). 

The variations in reaction changes in the media induced by 
varying the method of incubation of the cultures were determined. 
Three organisms, Myco. leprae, Myco. berolinensis, and Myco. 
phlei were each inoculated into three tubes of plain broth. The 
three parallel cultures of each organism were incubated under the 
following conditions: Series I was incubated freely exposed tothe 
relatively dry air of the incubator. In Series II the tubes were 
incubated in a closed jar, the bottom of which was covered with 
water. In series III the tubes were capped with celloidin caps. 
The reaction curves shown in figure 1, A, illustrate the pH changes 
observed. 

A distinct growth with the formation of a pellicle took place in 
every tube, but the growth was much less in the capped tubes 
(series III) than in either of the other two, the most luxuriant 
growth being obtained in the tubes incubated under aerobic con- 
ditions (series I). 

To better illustrate the effect of free access of air, acapped tube 
of Myco. smegmatis which had been incubated for nine days with 
little reaction change was opened to the air by puncturing a small 
hole in the cap. In the next five days the reaction changed from 
pH 7.4 to pH 8.6 and a heavy pellicle replaced the frail pellicle 
which had been present at the time of the puncture. These 
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results indicate that when the tubes are capped thereis, in addition 
to an inhibition of growth, an accumulation of some substance 
which prevents a change in the reaction of the media towards the 


A. Relation of Incubetion Method to Chenges in pH. 


Myco. leprae Myco. berolinensis Myco. phlei 


pH 





5 10 15 20 250 § 10 18 20 2 0 § 10 15 20 2 


Time in Days. 


Continuous line---serobic. 
Broken line------- inclosed in jars. 
Dotted line------- capped. 


B. Relation of Carbon Dioxide and Oxygen Content of culture 
Tubes to Changes in pH. 
(Myco. berolinensis) 


(2) (2) (3) (4) 


pH 





Time in Days. 
(1) Plain broth cultwre(continuous line)--Plain broth in 
comected tube(broken line). 
(2) Plein broth culture---Barium hydroxide in connected tube. 
(3) Plain broth culture---Distilled weter in connected tube. 
(4) Plain broth culture (anaerobic conditions). 


Fia. 1 


alkaline side. That this substance is carbon dioxide and the 
effect which it exerts upon the reaction changes was shown by the 
following experiment: 


i 
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Three tubes of plain broth to which indicator (phenol red) had 
been added, were inoculated with each organism. One of these 
inoculated tubes was connected by means of a ‘‘U’”’ shaped glass 
tube bearing a rubber stopper at each end to an uninoculated tube 
of plain broth. A second inoculated tube was similarly con- 
nected to a tube containing barium hydroxide, while a third was 
connected to one containing distilled water. This permitted a 
direct gas interchange between the tubes thus connected but 
excluded interchange with the atmosphere. To insure a seal 
that would be air tight, prior to being used the rubber stoppers 
were cleaned and soaked in glycerol as directed by Novy and 
Soule (1925). The reaction curves shown in figure 1, B (1), (2), 
and (3) illustrate the results obtained. 

In the first set, a plain broth culture connected with plain 
broth, it will be noted that the reaction in the inoculated tube 
changed to pH 7.6 while the reaction in the uninoculated tube 
changed to pH 6.8. This would indicate that carbon dioxide is 
produced by the culture, but that decrease in pH is prevented 
by simultaneous production of akaline products, since there is a 
decrease in the pH in the connected tube which is subjected to the 
same carbon dioxide tension. 

In the second set, a plain broth culture connected with barium 
hydroxide solution, the barium hydroxide solution contained in 
the side tube absorbed the carbon dioxide as fast as it was 
formed. A white precipitate of barium carbonate appeared in the 
barium hydroxide tube. The reaction change in the inoculated 
tube was more pronounced than in the first set. 

In the third set, where distilled water, which has little capacity 
for absorbing carbon dioxide, was used the reaction change in the 
inoculated tube was slight. 

It will be noted from these results that, although the carbon 
dioxide was taken out by the barium hydroxide as fast as formed, 
the culture still did not obtain the degree of alkalinity reached by 
free exposure to air (see fig. 1, A). The growth was also much 
less abundant. As other tests which were run showed that the 
reaction change was still less under more anaerobic conditions, it 
seemed reasonable to assume that the factor concerned in the 
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lesser amount of growth in this set was the inadequacy of oxygen 
required for growth. 

When pyrogallic acid and sodium hydroxide were used to absorb 
the oxygen from the culture tubes, applying the reagents to the 
cotton stopper and sealing the tube with rubber stoppers and 
paraffine (technique of Rockwell, 1924) there was obtained no 
appreciable change in reaction and a very scanty growth of the 
saprophytic forms, Myco. phlei and Myco. berolinensis, after 
twenty days of incubation. These reaction changes are illustrated 
in figure 1, B (4). From a comparison of these results with those 
obtained when the barium hydroxide was present in a side tube 
(fig. 1, B (2)) it is evident that the pH change was distinctly 
less marked in the tube deprived of oxygen. The carbon dioxide 
was absorbed by the alkali in both cases, the difference being 
purely one of oxygen present, a diminution of which caused a 
corresponding diminution of growth. Evidently, then, it is a 
general characteristic throughout this group of organisms that, 
other factors being favorable, the growth is proportional to the 
oxygen supply. This was conclusively shown to be the case with 
the tubercle bacillus by the work of Novy and Soule (1925). Any 
method involving a study of the reaction changes of media which 
fails to take this factor into consideration would thus of necessity 
be faulty. Certainly in the light of this consideration the method 
of determining the reaction curves in tubes capped with tin foil 
as used by Long and Major (1922) is at best approximate and 
open to error. Any method of sealing that does not permit of a 
free gas interchange with the atmosphere, or a constant oxygen and 
carbon dioxide tension, would be certain to introduce variation 
in the reaction changes from tube to tube. 

The facts presented above suggested the necessity of refraining 
from interfering with free oxygen supply during the incubation, 
and for that reason the incubator atmosphere was maintained at a 
high relative humidity and the tubes were stoppered only with 
cotton plugs. 

In a preliminary series of determinations plain broth, glucose, 
lactose, sucrose, mannitol, and dextrin broths were used. By the 
method of sterilization mentioned above it was impossible to 
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obtain media of the same constant pH. Although all the broth 
to which the various carbohydrates were added was taken from 
the same container the pH of the media following sterilization were 
respectively: plain broth, 7.4; sucrose broth 7.3; dextrin broth, 
7.1; glucose broth, 7.0; lactose broth, 7.1; and mannitol broth, 
7.3. This eliminated the possibility of making an absolute com- 
parison but the tests were run through to determine whether the 
difference in the reaction curves would be pronounced enough to 
indicate a utilization of any of the carbohydrates. With few 
exceptions, the results were too indefinite to be of any value. 
Invariably, the change of reaction was towards the alkaline side 
and the terminal reactions in different media by a given organism 
were practically the same. 

An attempt was made to substitute sterilization by filtration 
subsequent to the addition of the carbohydrates to the media. 
This insured an identity of the various media, save for the presence 
of the different carbohydrates, at the beginning of the deter- 
minations. To the broth, which had previously been sterilized 
in the autoclave, the indicator was added and the reaction of the 
broth was adjusted to pH 7.2. The carbohydrates were weighed 
out and added in a 1 per cent concentration. The medium was 
filtered immediately, using Grade “N”’ Berkefeld filters. It was 
then tubed, approximately ten cubic centimeters per tube. Sub- 
sequent to filling, the tubes were incubated for at least three days 
as a check on their sterility. 

In the tests reported plain broth, 1 per cent mannitol broth, 1 
per cent galactose broth, and 1 per cent glucose broth were used. 
Each was run in duplicate and the mean pH of the two tubes in 
the few cases in which they differed was recorded in plotting the 
reaction curves. In the series reported in figure 2 the incubation 
was for a duration of seventeen days. It should be remembered 
in reading the results from the graphs that beyond pH 8.2 the 
determinations are more or less approximate. 

There is no observable change in the color of the indicator used 
beyond pH 8.6. Consequently none of the curves indicate an 
alkalinity exceeding this figure, but in the light of later work there 
is little doubt that in many cases the media became somewhat 
more alkaline than shown in the graph. 
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Results 


The reaction curves obtained from the plain broth control 
cultures (first column of fig. 2) present several interesting aspects. 
The most striking feature is the general similarity of the curves. 
A close metabolic relationship between the various members of 
the group is thereby indicated. The typical curves, such as 
that of Myco. tuberculosis (hominis), present a short period of lag 
(or absence of reaction change) followed by a rapid increase in 
alkalinity with subsequent flattening out of the curve. During the 
lag period a pellicle was formed on the surface of the media and 
the rapidity of the rise in the pH may be roughly stated to be 
proportional to the rapidity of growth. 

There are, among the curves from the plain broth cultures (first 
column), a few that vary more or less from the so-called typical 
curves. In the culture of Myco. leprae development of alkalinity 
is shown to have been somewhat less rapid. This was associated 
with a less rapid growth but, as will be pointed out later, this is 
not the only factor concerned in the case of this particular organ- 
ism, since later quantitative tests have demonstrated that Myco. 
leprae produces less ammonia than the other organisms of the 
group which were studied. 

Again, the period of lag was longer in the culture of Myco. 
chelonei. The optimum temperature for the growth of this 
organism is about 20°C. but growth even at this temperature is 
less rapid than that observed for the other organisms at their 
respective optimal temperatures. The lessened rapidity of growth 
may thus account for the different type of reaction change. The 
slight dipping of the curve after fifteen days may be considered 
to be due to difficulties in the determination of the pH, since an 
error of pH 0.2 may readily be made beyond pH 8.2 with the 
indicator used. No such tendency to late diminished alkalinity 
has been noticed in other tests employing this organism. 

The variation of the curve for Myco. phlei from the typical is 
well within the error of the experimental method. 

The curves shown in the second column, which represent the 
reaction changes in mannitol broth cultures of the respective 
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organisms, show more variation. In general, it will be noted that 
the reaction here also changes towards progressive increased 
alkalinity, but with less rapidity than in the plain broth controls. 
This characteristic is likewise observable in the third and fourth 
columns (galactose and glucose broth cultures). As will be shown 
below, this tendency is apparently due to the protein-sparing action 
exerted by the carbohydrates, as a result of which less alkaline 
protein cleavage products, especially ammonia, accumulate in the 
media. It must be emphasized, however, that two opposing 
variable factors are involved. The above factor tends to inhibit 
protein cleavage and hence reaction change of the media, while 
the presence of utilizable carbohydrates tends to increase the 
rapidity of growth of the organisms. Although diminished, there 
is nevertheless some protein cleavage associated with growth in 
carbohydrate-containing media. If the rate of growth is suffi- 
ciently increased by the presence of the carbohydrate, the protein 
sparing affect may be counterbalanced and the reaction change may 
be as rapid as in the plain broth control culture. Such would 
appear to be the explanation of the curves with Myco. fribur- 
gensis in mannitol broth, which shows no variation from the 
curve of the plain broth culture, since this organism has been 
shown to utilize mannitol (results to be reported in later paper). 
Utilization of mannitol by Myco. chelonei has not been demon- 
strated. This curve likewise presents no variation from that of 
the plain broth control. 

At the other extreme, protein cleavage may be so retarded by 
the presence of utilizable carbohydrates that, despite a more lux- 
uriant growth than that present in the plain broth control, there 
is only slight increase in alkalinity. This is exemplified by the 
curve for Myco. phlei in mannitol broth. A still greater extreme 
is the curve shown in the same column for Myco. leprae. Sub- 
sequent tests have shown that the secondary slight decrease 
in pH in the case of the latter organism is variable but the al- 
kalinity has in no instances been noted to exceed pH 7.4. It is 
significant that in the quantitative determinations an actual 
decrease in the ammonia content of the media has been observed 
in some carbohydrate broth cultures of Myco. leprae. This 
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decrease in ammonia has not been encountered with any other of 
the Mycobacteria studied. 

In the mannitol broth column, then, there is one curve at each 
of the extremes, that is one showing no variation from the control 
(Myco. friburgensis), and a second curve (Myco. leprae) ex- 
hibiting definite variation from the control. The remaining 
curves occupy intermediate positions. The curves for Myco. 
leprae and Myco. phlei may be of value as a means of distinguish- 
ing these organisms from the other species studied. However, 
the large number of variable factors tending to alter the curves, 
such as amount of inoculum, amount of inoculum in contact 
with the surface of the medium, variability in the rapidity of 
growth from culture to culture etc., definitely limit the value of this 
distinguishing characteristic. 

In the remaining two columns of curves, variations from the 
plain broth controls similar to those discussed in the mannitol 
broth cultures may be noted, that is in the presence of the carbo- 
hydrate there is in general a retarded reaction change. In the 
third column the curve for Myco. friburgensis in galactose broth 
is the only one closely simulating the curve of the plain broth 
control. Varying degrees of the diminished rate of pH change 
are to be noted in the remaining curves. The curve given for 
Myco. chelonei was obtained at a later date employing a different 
batch of media, there being very scant growth in the cultures used 
for the first determination. This fact possibly accounts for the 
variation from the other types of curves here encountered. 

In the fourth column (glucose broth cultures) the curves of 
several of the organisms resemble closely the curves of their 
respective plain broth controls; for example, Myco. tuberculosis, 
Myco. phlei, and Myco. friburgensis. Other curves show merely a 
longer lag period before the alkalinity developed, e.g., Myco. 
smegmatis, Myco. butyricum, and Myco. berolinensis. The curve 
for Myco. chelonei constitutes a more definite variation. The 
growth was scanty and the results indefinite in the first cultures 
of this organism. The curve given in this case represents the 
results obtained at a later determination. The growth was more 
abundant in the latter cultures but even in this case there was 
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less growth than was obtained in the cultures of the other organ- 
isms given. This lesser growth probably accounts for the differ- 
ence in the type of the reaction curve. 

A secondary slightly diminished alkalinity is observable in the 
glucose broth culture of Myco. leprae which, like that appearing 
with this organism in mannitol broth, is irregular in occurrence. 
In this same column the curve for Myco. stercusis also presents a 
definite variation from the plain broth control. 

The original object of these determinations was to ascertain 
whether or not mannitol, galactose, and glucose are utilized by 
the organisms studied. The reaction curves convey indefinite and 
conflicting evidence. Employing more accurate methods, which 
will be given below and in a subsequent report, all three of these 
carbon compounds have been shown to be utilized by all the 
organisms here studied, with the two exceptions that mannitol 
has not been shown to be utilized by Myco. chelonei, nor galactose 
by Myco. leprae. It must be remembered that the only evidence 
that carbohydrates are utilized obtainable from the curves is the 
decreased rate of production of alkalinity observable in some 
carbohydrate broth cultures. Many of the curves would suggest 
utilization of the respective carbon compounds; for example Myco. 
tuberculosis, Myco. leprae and Myco. phlei in mannitol broth; 
Myco. tuberculosis, Myco. chelonei, Myco. smegmatis, etc., in 
galactose broth; and Myco. chelonei and Myco. stercusis in glucose 
broth. On the other hand, there are not a few cases in which the 
curves present little or no evidence that utilization has occurred; 
e.g., all the curves for Myco. friburgensis, and several of the curves 
shown in the fourth column representing the results in glucose 
broth cultures. Glucose is especially actively utilized by these 
organisms, yet the curves in most cases indicate no such 
utilization. 

It therefore must be concluded that the determination of reac- 
tion change in the media constitutes an indefinite and misleading 
method of determining carbohydrate utilization by these organ- 
isms. Such a method may, however, under carefully controlled 
conditions, be applicable for differentiation of some of the organ- 
isms here studied. The reaction curves obtained when Myco. 
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leprae and Myco. phlei were grown in mannitol broth and when 
Myco. chelonei was grown in glucose broth vary sufficiently from 
the remaining curves in the determinations here given to be of 
possible differential value. 

The significance of these reaction curve determinations un- 
doubtedly rests more upon its clear cut demonstration of the 
great similarity in the metabolism of the organisms of this group 
than upon their carbohydrate utilization. These organisms have 
already been shown to be nearly related (Long, 1923) first, in 
staining reaction; second, in the possession of a large amount of 
lipin; and third, serological reactions indicate that their antigenic 
activity is qualitatively the same. This work offers further evi- 
dence that they are very nearly related in their metabolic 
activities. 


IV. DIRECT QUANTITATIVE DETERMINATION OF CARBOHYDRATE 
UTILIZATION 


In order to obtain more exact information concerning the 
extent to which carbohydrates are utilized by organisms belonging 
to the genus under consideration direct quantitative determina- 
tions of the sugars were made. 


Method 


Standard broth, prepared as in the preceding work, was used 
as the base of the media. It was.adjusted to pH 7.5 and the 
various sugars were weighed out and added in amounts to make 
approximately 1 per cent solutions. The carbohydrate-containing 
media were then immediately tubed measuring 10 cc. to each tube 
from burettes. Sterilization was by heat, at 5 pounds pressure 
for thirty minutes. 

The inoculations were made as in the preceding work. The 
duration of incubation varied as shown in the accompanying 
table while the temperatures of incubation were as follows: 
Myco. avium 41°C.; Myco. piscium, Myco. ranae, Myco. chelonei, 
and Myco. butyricum, 22° to 25°C.; while the remaining organ- 
isms were incubated at 37.5°C. 
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The Shaffer-Hartman blood sugar quantitative method as 
recommended for bacteriological procedures by Stiles, Peterson 
and Fred (1926) was used for the carbohydrate determinations 
at the termination of incubation of the cultures. Before carrying 
out the tests for carbohydrates the pathogenic organisms were 
killed by immersing the cultures in a water bath at 100° C. for 
ten minutes. Each culture was then diluted to 100 cc. by pour- 
ing the entire contents of the tube into a 100 ce. volumetric flask, 
the culture tube being rinsed three times with distilled water to 
insure that all the sugar should be transferred into the flask. 
Following the addition of the lead acetate and potassium phos- 
phate the flask was filled to the mark with distilled water, thor- 
oughly shaken, a portion transferred to a test tube and then, 
after allowing fifteen to twenty minutes for the precipitate to 
settle, an aliquot portion of 1 ec. was withdrawn for each de- 
termination. Cultures were run in duplicate and two determina- 
tions were made with material from each culture. 

The carbohydrates used were glucose, fructose, galactose, ara- 
binose, lactose, and sucrose. The latter sugar was hydrolyzed 
prior to running the determinations by adding | cc. of concentrated 
hydrochloric acid to each tube, incubating at 70°C. for fifteen 
minutes, and subsequently neutralizing with concentrated sodium 
hydroxide using phenolphthalein as the indicator. 


Results 


The results of the main series of determinations are tabulated 
in table 1. In the first column under each sugar is given the 
duration of the incubation in days. In each of the next two col- 
umns is given the mean value of the two determinations from 
each culture tube. In the last column is given the average value 
obtained from the two culture tubes. The results are reported 
as per cent sugar in the culture media. The values given for the 
sugars, other than glucose, were arrived at by multiplying the 
amount of reducing sugar, in terms of glucose, as read from the 
.tables given by Stiles, Peterson and Fred (1926), by the factors 
given in table 1. 
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The results demonstrate that glucose is utilized by all organisms 
studied. Utilization by Myco. avium is seen to be slight in the 
results listed. It should be noted, however, that the growth in 
these cultures was also slight. In subsequent tests greater 
utilization by this organism was demonstrable. 

Fructose was also utilized by all organisms studied. The 
slight utilization shown by Myco. chelonei, again, may be attrib- 
uted to the slight growth. It is worthy of note that there was, 
with few exceptions, a more rapid utilization of fructose than 
of glucose. The growth was also more abundant. This rela- 
tionship has been repeatedly observed. 

Arabinose was definitely utilized by most of the organisms. 
There was, however, but slight utilization by Myco. leprae 282 
and Myco leprae 65. This has been rechecked several times with 
similar results. Greater utilization by Myco. leprae 67 was 
demonstrated in subsequent tests. Some, though slow, utiliza- 
tion by Myco. piscium has been shown by subsequent tests. 
More definite utilization by Myco. chelonei was demonstrated in 
later tests than appears from the table. 

There was less tendency towards utilization of galactose. 
Myco. leprae 282 utilizes galactose very slowly. There is appar- 
ently no utilization by Myco. leprae 65. In later tests Myco. 
leprae 67 was found definitely to utilize galactose. Upon re- 
peated tests, no utilization of galactose by Myco. chelonei and 
Myco. piscium could be demonstrated. 

Utilization of sucrose is of especial interest. Myco. avium, 
the strains of Myco. leprae, 282,65, and 68 and Myco. friburgensis 
definitely utilize sucrose. There is apparently slow utilization by 
Myco. chelonei. It is possibly significant that the strains of 
Myco. leprae that utilize sucrose are rat strains whereas the 
strains of human origin do not utilize this carbohydrate. 

Lactose is apparently not utilized by any of the organisms. 

The summarized conclusions from these experiments as to 
definite, slight, and no utilization of the carbohydrates studied 
is given in table 2. 

Some determinations have been made to ascertain whether mal- 
tose is utilized by any of these organisms. While the results 
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thus far are not entirely conclusive, definite utilization has been 
demonstrated only for Myco. berolinensis. These results clearly 
demonstrate a rather wide utilization of carbohydrates by or- 
ganisms of the genus Mycobacterium. There is a distinct varia- 
tion in the rapidity with which the various carbohydrates are 
utilized. In the course of the incubation periods adopted for this 
work, the carbohydrate contained in the media when utilized 
almost completely disappeared in many cases; in other cases only 


TABLE 2 


Summary. Carbohydrates utilized by organisms of the genus Mycobacterium 
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The symbols have the following meaning: + indicates definite utilization; 
+ indicates slight utilization; 0 indicates no evidence of utilization. 


a slight decrease was noted. In general it appears that fructose 
is utilized more rapidly than any other carbohydrate studied. 

These results also appear to demonstrate that carbohydrate 
utilization determinations are of limited value as a means of 
differentiation of the various species of this genus, since the varia- 
tions observed between individual strains of the same species are 
in some cases greater than variations between different species 
of the same genus. 
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V. QUANTITATIVE RELATIONSHIP OF CARBOHYDRATE UTILIZED TO 
CARBON DIOXIDE AND AMMONIA PRODUCED, AND 
REACTION CHANGES IN THE MEDIA 


Kendall, Day and Walker (1914) have demonstrated an in- 
crease of ammonia in cultures of some Mycobacteria. They 
stated that this increase was less in the presence of glycerol. No 
effort was made to correlate the ammonia production with carbo- 
hydrate utilization. 

Novy and Soule (1925) have carried out extensive studies 
upon the respiratory relationships of various bacteria. The first 
study reported dealt with the human type tubercle bacillus. 
They found that the respiratory quotient OO, liberated of a 

* O: consumed’ 
culture of tubercle bacillus varied, with the media upon which 
the organisms were grown. In glycerol media the R.G. value was 
0.836. The theoretical value, were the glycerol alone broken 
down to carbon dioxide and water, is 0.857. When glucose agar 
was used the respiratory quotient as determined and corrected 
was 0.992. The theoretical value for glucose is 1.000. This is 
illustrated by the following equation: 


CceH1.0¢ + 60, — 6CO, + 6H,O 


These workers showed that,even in the presence of carbohydrates, 
the tubercle bacillus will not grow without oxygen. They also 
demonstrated that the growth is proportional to the oxygen sup- 
plied. It would thus appear that molecular oxygen is necessary 
before the tubercle bacillus can obtain energy from the carbo- 
hydrate. In other words, there is apparently no anaerobic cleav- 
age of carbohydrates by this organism. 

Novy and Soule did not attempt to correlate the amount of 
carbohydrate disappearing from the media with the carbon diox- 
ide produced and the oxygen consumed. 

Numerous quantitative determinations of end products of 
carbohydrate and protein bacterial metabolism have been made 
in connection with organisms other than the Mycobacteria, es- 
pecially in recent years. In every case, so far as the author has 
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found, when the end products of carbohydrate metabolism have 
been studied some organic acids or alcohols have been found. 
Thus there has been encountered no report of complete utiliza- 
tion of a carbohydrate by a single species of bacteria, that is, 
complete cleavage of the carbohydrate to carbon dioxide and 
water. Itis significant that in all such determinations facultative 
anaerobic organisms have been employed. 

It is not clear what the end products of carbohydrate utiliza- 
tion are in the case of organisms of the genus Mycobacterium. 
In an effort to obtain some information concerning the nature of 
these end products, as well as to find an explanation for the char- 
acteristic reaction changes induced in the media by these organisms 
the following experiments were carried out: 

First: Determinations were made of reaction change of the 
media, the change in ammonia content, the titratable alkalinity, 
the decrease in glucose, or fructose, and the carbon dioxide pro- 
duced at the termination of a given period of incubation. 

Second: These changes were followed, employing a continuous 
aeration method, at intervals of a few days on a single culture in 
order to determine whether the relationships found in the above 
work were maintained throughout the duration of incubation 
and under unchanging oxygen tension. 

Only glucose and fructose were used for these determinations 
as previous work has shown that the metabolism is apparently 
similar regardless of the sugar employed. 


Method 


Meat infusion broth, prepared as stated above, again consti- 
tuted the basis of the media. When glucose or fructose were 
used, sufficient was added to make a 1 per cent concentration. 
The medium was tubed accurately, 10 cc. per tube, employing a 
10 cc. volumetric pipette. Sterilization of the media was by 
heat as in the previous experiment. Inoculation of the tubes 
was also as previously given. 

Immediately after inoculation the tubes were placed in one 
liter Florence flasks, to which 50 cc. of approximately 0.2 normal 
barium hydroxide solution had just previously been added. The 
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flasks were immediately tightly stoppered using specially prepared 
rubber stoppers. Two or more flasks containing uninoculated 
controls were similarly prepared for each series. After three to 
four days incubation the majority of cultures had developed a 
firm pellicle. From this time on, the flasks were gently rotated 
at daily intervals to break the crust of barium carbonate which 
had formed on the surface of the hydroxide, in order to permit 
more complete absorption of the carbon dioxide formed. At the 
termination of incubation the flasks were shaken and placed at 
room temperature for twenty-four hours during which time they 
were again shaken several times, thus permitting complete ab- 
sorption of the contained gaseous carbon dioxide. 

Each flask was then opened and the amount of hydroxide that 
had been neutralized by the absorbed carbon dioxide was deter- 
mined by titration to the disappearance of the blue color of thy- 
molphthalein, employing 0.2 normal oxalic acid. The color im- 
parted by thymolphthalein is intense and clearly visible against 
the white of the barium carbonate and barium oxalate. Thy- 
molphthalein has the added advantage over phenolphthalein that 
the change of color is at a somewhat higher pH and as pointed 
out by Schollenberger (1928) this fact permits a more accurate 
titration of the carbon dioxide absorbed. The difference between 
the number of cubic centimeters of standard oxalic acid solution 
required to neutralize the hydroxide, in the culture flasks on one 
hand and in the contro! flasks on the other hand, represented the 
hydroxide neutralized by carbon dioxide. The number of cubic 
centimeters difference multiplied by 4.4 gave the milligrams of 
carbon dioxide absorbed by the hydroxide. 

The broth culture was then diluted to 100 ce. in a volumetric 
flask. Duplicate carbon dioxide determinations employing the 
Van Slyke apparatus were then run in order to determine the 
carbon dioxide absorbed or retained by the media. Five cubic- 
centimeters of the diluted culture were used for each of these de- 
terminations. The diluted uninoculated culture was used as 
control; thus, the carbon dioxide contained in the distilled water 
used for dilution need not be taken into account since the differ- 
ence between the control and culture determinations again repre- 
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sented the cubic centimeters of carbon dioxide contained in 0.5 
cc. of undiluted media, or one-twentieth of the total carbon diox- 
ide in the culture. Temperature and barometric corrections were 
made for each determination. The carbon dioxide thus deter- 
mined plus that absorbed by the barium hydroxide represented 
the total carbon dioxide produced by the culture. 

Other 10 ce. portions of the diluted media were used for pH 
determinations. Phenol red and thymol blue (alkaline range) 
were used as indicators and the pH determined colorimetrically. 
The cultures when diluted 1-10, as in this work, give a fairly 
aceurate index of the pH as recently shown by Fawcett and Acree 
(1929). 

Two 25-cc. portions of the diluted media were used, first, for the 
determination of the titratable alkalinity and, second, for the 
determination of the ammonia content. To each of the 25-cc. 
portions in N.P.N. tubes was added 0.25 cc. of 0.1 per cent phe- 
nol red. Employing n/40 sulphuric acid the number of cubic 
centimeters of acid required to bring the pH of the diluted cul- 
ture to the same pH as the diluted uninoculated control was de- 
termined. This represented the increase in the titratable al- 
kalinity of the culture. 

The same 25 cc. portions were then employed for the ammonia 
determinations. Folin’s aeration method was used, the air used 
being washed by passing it through sodium hydroxide and sul- 
phuric acid solutions. One gram of sodium carbonate and 5 
grams of sodium chloride were added to the diluted culture. The 
ammonia was collected in n/40 sulphuric acid. The sulphuric 
acid neutralized was subsequently determined by back titration 
with n/40 sodium hydroxide using a solution of methyl red, to 
which was added a small amount of methylene blue, as indicator. 

The sugar determinations were run by the Shaffer-Hartman 
method as previously outlined, except that a protein free filtrate 
was not prepared. In several control tests it was found that 
more constant results were obtainable when no effort was made to 
remove the protein from the media by precipitation. This agrees 
with the results recently reported by Magee and Smith (1930). 
In the interpretation of the results it must be borne in mind 
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that the values given are in most cases determined from compari- 
son with the uninoculated controls. Since there were several of 
these for the work here reported it was deemed unnecessary to 
enlarge the table by their inclusion. The carbon dioxide deter- 
minations were controlled as given above. The milligrams of 
carbohydrate as determined in the uninoculated control tubes, 
minus the milligrams found in the cultures, gave the amount of 
carbohydrate that was utilized. The carbon dioxide possible to 
liberate from the carbohydrate was calculated by multiplying the 
milligrams of carbohydrate utilized by the factor 1.47, since 1.47 
mgm. of carbon dioxide might be obtained from every milligram 
of a hexose which is quantitatively converted to carbon dioxide 
and water. Thus: 


C.5H120. + 60. — 6CO, + 6H,O 
180 192 264 108 


in which the figures represent one gram molecule of the various 
substances. Therefore, for every 180 grams of the hexose con- 
verted to water and carbon dioxide, 264 grams of the latter would 


be produced, or ~ or 1.466 grams of carbon dioxide per gram of 


hexose. Then, in order to have a direct basis of comparison on a 
percentage basis between the carbon dioxide actually recovered 
and that which might possibly be produced from the hexose 
utilized, the per cent of the possible carbon dioxide which was 
recovered was determined by dividing the actual carbon dioxide 
by the possible carbon dioxide. Stated in equation form this 
relationship would be expressed as follows: 


Total CO, recovered X 100 
CO, possible from carbohydrate utilized 





= per cent of possible CO, recovered 


Theoretically, if the hexose constituted the sole source of carbon, 
100 per cent would be the maximum value possible if all the 
hexose were completely oxidized, but, since other carbon con- 
taining compounds are present, one might expect to obtain values 
greater than 100 per cent, provided the carbohydrate is converted 
quantitatively into carbon dioxide and water. 
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The expression ‘‘total ammonia per 10 cc.’’ used in the table 
refers to the total ammonia found in the cultures, and the expres- 
sion “ammonia increase per 10 cc.”’ is this total, minus the am- 
monia found present in the uninoculated control. The ammonia 
present in the uninoculated controls varied in the different batches 
of media used for the reported determinations between 1.02 and 
1.53 mgm. The expression ‘mgm. ammonia produced per mgm. 
carbon dioxide recovered’’ is self explanatory. 

The titratable alkalinity is expressed in cubic centimeters of 
n/40 H,SO, required to bring the pH of the culture to the pH of 
the control; this was determined colorimetrically. In order that 
a direct comparison may be made between the ammonia increase 
and the increase in the titratable alkalinity of the media the latter 
is also expressed in terms of milligrams of ammonia. This 
value, minus the determined ammonia increase, is given in the 
next column of the table. 

In the control experiments in which non-acid-fast organisms 
were employed (B. coli, etc.) it was necessary to add alkali to 
bring the pH of the culture to that of the control. This is repre- 
sented in the column giving titratable alkalinity by a minus sign 
before the number. 

In analyzing the results the limits of the accuracy of the 
methods employed must be kept in mind. The following control 
experiments were designed to establish the degree of variation 
that might be expected. 

Accurately weighed amounts of anhydrous Na:CO; were added 
to 125-cc. Erlenmeyer flasks. These were placed in Novy jars to 
which a known amount of barium hydroxide had just previously 
been added. The cover was immediately placed on each jar and 
the jars partially evacuated by means of a water pump. By 
means of a tube, one end of which was attached to one outlet of 
the jar the other end being placed in the flask containing the 
sodium carbonate, an excess of sulphuric acid was allowed to run 
into the flask. The stop cocks were then closed and the flasks 
thus sealed from the atmosphere. After twenty-four hours in- 
cubation at 37.5 °C. approximately 85 per cent of the possible 
carbon dioxide was demonstrable from titration of the barium 
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hydroxide. After three days incubation 95 to 98 per cent of the 
carbon dioxide was recoverable. Similarly the Van Slyke gas 
analysis method was shown to be correct within 4 per cent by 
control determinations. Thus, the carbon dioxide determina- 
tions are, it may be assumed, correct within 5 per cent. 

The sugar determinations are undoubtedly subject to a greater 
error. Upon control tests in which determinations were made on 
several uninoculated control tubes of glucose broth a maximum 
difference of 5 per cent between the lowest and highest values 
was found. This may thus be taken as the maximum limits of 
variation between parallel determinations; but, since the aver- 
age value obtained by the Shaffer Hartman method is subject to 
at least 5 per cent error, a further possible variation must be 
taken into consideration. This last is demonstrated by the varia- 
tions found in the controls throughout this work. Despite the 
fact that in making the media the glucose was accurately weighed 
and added in proportion of one gram made up to 100 ce. in vol- 
umetric flasks, values ranging from 0.95 to 1.06 per cent glucose 
were obtained by the Shaffer Hartman method. It should also 
be noted that the same reagents were used throughout these de- 
terminations, a sufficient quantity being prepared in the begin- 
ning for all tests. Thus, the maximum variation between the 
controls was approximately 10 per cent. It seems justifiable to 
consider this the normal limit of variation of the carbohydrate de- 
termination. 

Colormetric methods were employed for the determinations of 
pH and of titratable alkalinity. Absolute accuracy was thus not 
attained in these determinations. The titratable alkalinity was 
determined upon but one fourth of the culture, so a variation of 
at least 0.4 to 0.8 cc. of n/40 acid might be expected to be en- 
countered here. This represents 0.17 to 0.34 mgm. of ammonia. 

Finally, since such a minute quantity of ammonia was present, 
the values obtained here may be stated to be correct only within 
0.5 mgm. The widest variation found between all the controls 
on any one batch of media was 0.51 mgm. per 10 ce., or 0.14 mgm. 
for the 2.5 cc. of culture media actually used for the determina- 
tion. This latter represents approximately 0.3 cc. of n/40 NaOH 


ff 
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variation in the actual titrations, since 0.1 cc. of n/40 NaOH is 
equivalent to 0.0425 mgm. of ammonia. Thus, the maximum 
error in any one direction of ammonia increase plus titratable 
alkalinity in terms of ammonia may be stated to approximate 
0.85 mgm. Control determinations demonstrated the sodium 
carbonate, the sodium chloride, and the caprylic alcohol used as 
antifoam to be free of ammonia. 


Results 


Results typical of those obtained in a considerable number of 
determinations are given in table 3. In section A of the table 
the results obtained from 1 per cent glucose broth, 1 per cent fruc- 
tose broth, and plain broth cultures of the Mycobacteria are given. 
A corresponding study in which non-acid-fast bacteria were em- 
ployed is tabulated in section B. The results obtained when 
varying concentrations of glucose and of glycerol were added to 
the broth are reported in section C. The values given represent 
the average of the determinations upon two parallel cultures. 
Two such series are reported for the first two organisms listed in 
the table, when grown in glucose broth and in plain broth, for 
the purpose of demonstrating the variation normally encountered 
when the determinations are not made at the same time and when 
media from the same batch are not employed, In the other cases 
average results from one series of determinations are given. At 
least two series of determinations have been made for all the 
Mycobacteria reported except Myco. chelonei and Myco. butyri- 
cum. In some cases, e.g., Myco. tuberculosis and Myco. smegma- 
tis, the experiments have been repeated three times. 

Despite the limitations cited above to the accuracy of the 
methods employed, several significant relationships are clearly 
demonstrated. The following are the more important relation- 
ships apparent from data presented in Section A of the table: 

1. In the majority of cases more carbon dioxide was produced 
in the carbohydrate broth cultures than in the control plain broth 
cultures incubated for approximately the same length of time. 
In the glucose broth culture of Myco. tuberculosis, 79 mgm. of 
carbon dioxide were produced in seven days; in the control plain 
broth culture, only 33 mgm. were produced in the same time. 
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2. The quantity of growth obtained may be stated to be 
roughly proportional to the carbon dioxide produced. No direct 
quantitative estimations of the amount of growth were made but 
it was observed that the bulk of the growth increased with in- 
creasing carbon dioxide production. Consequently a more luxuri- 
ant growth was obtained in the carbohydrate broth cultures of the 
Mycobacteria than in the plain broth cultures. 

3. A significant relationship exists between the carbon dioxide 
recovered and that which could be produced from the carbohy- 
drate utilized, were it quantitatively converted to carbon dioxide 
and water. It will be noted that, in the majority of instances, 
more carbon dioxide was recovered than could have been derived 
from the carbohydrate disappearing. For example in the glucose 
broth culture of Myco. tuberculosis 79 mgm. of carbon dioxide 
were recovered while 76 mgm. is all that could have been derived 
from the 52 mgm. of glucose utilized. In some cases, however, 
(e.g., the glucose broth culture of Myco. smegmatis, the fructose 
broth culture of Myco. stercusis, etc.) less carbon dioxide was 
recovered than that theoretically possible from the utilized carbo- 
hydrate. Seven such low values are given, but as noted in table 
3 some of these low values are possibly attributable to the fact 
that sufficient time was not allowed after removal from the 
incubator to effect complete absorption of carbon dioxide. Most 
of these low values are within the limits of experimental error 
as noted above, while some values lie a little outside such limits. 
It is noteworthy, however, that in all determinations employing 
the two strains of Myco. leprae the per cent of possible carbon 
dioxide recovered has averaged less than for the other Mycobac- 
teria studied; a single exception is in the results given with Myco. 
leprae 67 when grown in glucose broth. It should be mentioned 
that, wherever there is slight utilization, the possible error in the 
per cent of possible carbon dioxide recovered becomes magnified, 
since an error of as much as 10 mgm. in the glucose determination 
might possibly be encountered by the methods employed. 

Since there is no definite evidence as to just how much of the 
carbon dioxide was derived from the protein constituents of the 
media it cannot be concluded from the above relationship alone 
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that the carbohydrates are completely oxidized to carbon dioxide 
and water by the Mycobacteria. These results, however, con- 
stitute important suggestive evidence that such complete oxida- 
tion of the carbohydrate does occur, especially when these results 
are compared with those reported in section B of the table. 

4. The fructose appears to have been utilized more rapidly 
than the glucose by all the Mycobacteria studied. For example 
42 mgm. of glucose were utilized in ten days by Myco. tuberculosis 
while 60 mgm. of fructose were utilized in twelve days. More 
striking is the utilization of 21 mgm. of glycose in eighteen days 
and 71 mgm. of fructose in twenty-two days by Myco. phlei. 
The slightly longer incubation period would not account for the 
differences observed. 

5. There was an increase in the alkalinity of all cultures, which 
was less marked in the carbohydrate broth than in the plain broth. 
Thus, despite the fact that there was more growth and more car- 
bon dioxide production in the carbohydrate broth cultures the 
degree of alkalinity was not as great as that found in the plain 
broth controls. In the seven-day glucose broth culture of Myco. 
tuberculosis, 79 mgm. carbon dioxide was produced incident to a 
change from pH 7.2 to 7.6 while in the plain broth control culture 
only 33 mgm. of carbon dioxide was produced incident to a change 
from pH 7.2 to 8.4. This retardation in the reaction change in 
the presence of utilizable carbohydrates was suggested in the 
reaction curves considered above; here it is definitely shown to 
exist. 

6. Intimately related to the reaction changes, were the changes 
in the ammonia content of the culture media. The ammonia 
increase in the media was roughly proportional to the reaction 
change. No such absolute relationship, however, can be shown 
to exist. For example, when the various cultures had reached a 
pH of 7.6, values were obtained for ammonia increase ranging 
from 0.0 mgm. in the case of the glucose broth culture of Myco. 
friburgensis to 1.3 mgm. in the glucose broth culture of Myco. 
tuberculosis. However, the relationships existing between the 
ammonia increase and the increase in pH varied with the organ- 
isms tested, more ammonia being produced in all media tested 
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incident to the production of a given change in pH by certain or- 
ganisms than by others. Myco. friburgensis produced little am- 
monia incident to a rather definite reaction change in the plain 
broth (reaction change pH 7.2 to 8.4; ammonia increase 0.9 mg.) 
as well as in the carbohydrate broth; conversely Myco. chelonet 
produced large amounts of ammonia with little associated reaction 
change (in plain broth pH change 7.2 to 7.6; ammonia increase 
3.2 mgm.) and finally, in the glucose broth and fructose broth 
cultures of Myco. leprae 282, there was an actual decrease in the 
ammonia content of the media yet a slight increase in alkalinity 
was observed, at least in the glucose broth culture. 

It is significant that, in every case, far more ammonia was 
produced in the plain broth culture per mg. of carbon dioxide 
recovered than in the carbohydrate broth cultures. In the glu- 
cose broth culture of Myco. tuberculosis, 1.3 mgm. of ammonia 
was produced incident to the production of 79 mgm. of carbon 
dioxide, or 0.016 mgm. ammonia per milligram CO;, while 1.5 
mgm. of ammonia was produded incident to the production of 33 
mgm. of carbon dioxide in the plain broth control or 0.0440 mgm. 
ammonia per mgm. of CO,. Thus, if we compare the ratio of 
milligrams NH; increase to milligrams CO, recovered we find al- 
most 3 times as much NH; produced incident to the production 
of a milligram CO, in the plain broth cultures as in the carbohy- 
drate broth cultures. A study of the column in table 3 giving 
the milligram ammonia increase per milligram carbon dioxide 
produced will demonstrate that a similar relationship exists 
throughout the Mycobacteria excepting in the case of the glucose 
broth culture of Myco. butyricum. 

If the ammonia increase in the media may be taken as an index 
of the protein cleavage, a very distinct protein sparing action is 
here clearly demonstrated as a result of the presence of the carbo- 
hydrate. 

7. Another interesting relationship is that existing between the 
titratable alkalinity and the increase in the ammonia content of 
the media. In most cultures the increase in the ammonia con- 
tent of the media alone could account for the determined titrat- 
able alkalinity. However, this does not hold true in all cases. 
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For example there was no increase in the ammonia demonstrated 
in the glucose broth culture of Myco. friburgensis, yet there was a 
reaction change from pH 7.2 to 7.6 with a titratable alkalinity 
of the equivalent of 1.1 mgm. of ammonia. Likewise, there was 
an unmistakable decrease in the ammonia content of some cul- 
tures of Myco. leprae; yet the reaction changed toward increased 
alkalinity with a corresponding increase in the titratable alkalin- 
ity. In some tests this decrease in ammonia resulting from 
growth of Myco. leprae in the media was observed in plain broth 
cultures of this organism. 

- In several cases, e.g., the fructose broth culture of Myco. tu- 
berculosis, all cultures of Myco. chelonei, and the glucose broth 
culture of Myco. butyricum, it will be noted that the titratable 
alkalinity (in terms of milligrams of ammonia) is distinctly less 
than the actual ammonia increase in the media. This indicates 
the production of compensatory acid products tending to neutra- 
lize the ammonia. This relationship has been observed in plain 
broth cultures as well as carbohydrate broth cultures and is 
constantly found after long incubation periods in either type of 
media, becoming progressively greater as incubation is prolonged, 
or in other words as protein cleavage increases. It is clearly 
shown in the plain broth culture of Myco chelonei given in table 
3, and will again be referred to in connection with other cultures. 
Thus, the failure of the titratable alkalinity to be equivalent to 
the ammonia increase is in no way dependent upon the presence 
of carbohydrates. From the evidence at hand the conclusion 
therefore seems warranted that the changes in the ammonia con- 
tent of the media account equally well for such reaction changes 
and changes in titratable alkalinity in carbohydrate-containing, 
as in carbohydrate-free, media. 

8. From the above considerations it is apparent that there is 
no evidence that any cleavage products were formed from the carbo- 
hydrates that influenced the reaction change or change in titratable 
alkalinity. It would thus appear that the presence of the utiliz- 
able carbohydrate exerts an effect upon the reaction change of 
the media only to the extent to which it alters the protein me- 
tabolism, no cleavage products being formed from the carbohy- 
drates themselves that tend to alter the reaction of the media. 














CARBOHYDRATE METABOLISM OF MYCOBACTERIUM 271 


By way of summary, then, it may be stated that the increase in 
the ammonia content of the cultures would account for all changes 
in pH and for the determined titratable alkalinity in the majority 
of cultures, whether in carbohydrate broth or in plain broth. In 
those case in which such is not the case it would appear that other 
cleavage products, which may be either acid or alkaline in nature, 
are produced which play some part in the production of changes in 
pH and in titratable alkalinity. These latter substances, how- 
ever, appear to be derived solely from sources other than the car- 
bohydrates since they are produced in plain broth cultures as 
well as in carbohydrate broth cultures; and furthermore the evi- 
dence at hand points to a protein origin since their production 
by a given organism approximately parallels the protein cleavage 
produced by that organism. 

While the results obtained in this investigation point to a defi- 
ite similarity in the carbohydrate metabolism of the Mycobacteria 
it will be noted that there are apparently certain differences in 
the protein metabolism, as exemplified by differences in ammonia 
production, relation of ammonia production to change in pH, ete. 

9. When we compare the results obtained from cultures of the 
Mycobacteria with those obtained from cultures of the four non- 
acid-fast organisms given in section B of the table, marked differ- 
ences are noted. More carbon dioxide was recovered from the 
plain broth cultures than from the carbohydrate broth cultures 
of B. typhosus and B. coli. This contrasts strikingly with the re- 
sults obtained with the Mycobacteria. Of special significance is 
the relationship of the carbon dioxide recovered to that possible 
of liberation from the carbohydrate utilized. Values ranging 
from 11 to 67 per cent recovery of the possible carbon dioxide 
with an average of 24 per cent emphasize the wide difference be- 
tween the carbohydrate metabolism of these organisms and that of 
the Mycobacteria in which an average of 111 per cent of the pos- 
sible carbon dioxide was recovered. 

Also, the reaction of the carbohydrate media in the case of the 
non-acid-fast bacteria became definitely acid, a reaction more 
acid than pH 6.0 being produced in all cases. The titratable 
alkalinity, such as was observed in the cultures of the Mycobac- 


’ 
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teria, is here converted into a correspondingly much higher titrat- 
able acidity, for example, as much as 12.4 ec. of n/40 NaOH 
being necessary in the fructose broth culture of Staph. aureus, 
to bring the pH of the culture to that of the uninoculated control. 
As in the case of the Mycobacteria there is an increase in the 
ammonia content of the cultures of the non-acid-fast organisms. 
This increase is likewise greater in the plain broth than in the 
carbohydrate broth cultures. 

The outstanding difference in the metabolism of the two gen- 
eral groups thus appears to be in the mode of utilization of the 
carbohydrates. In the case of the non-acid-fast organisms stud- 
ied, there is obviously incomplete utilization of the carbohydrates 
with the accumulation of incompletely oxidized cleavage products 
in the media. This is the type of carbohydrate utilization that is 
demonstrable by the appearance of acid in the media. It is this 
type of utilization that has been most extensively studied and it 
is the only type that has been clearly defined in the literature 
the author has reviewed. It seems remarkable that the possi- 
bility of bacteria completely oxidizing carbohydrates to carbon 
dioxide and water has received such slight attention. The re- 
sults given above indicate rather definitely that it is by such a 
process of complete oxidation, unaccompanied by the accumula- 
tion of any partially oxidized products in the media at any time, 
that the Mycobacteria utilize carbohydrates. 

10. In order to determine whether the type of metabolism of 
the Mycobacteria is essentially the same when higher concentra- 
tion of the glucose is present in the media, the experiments re- 
ported in the first half of section C of table 3 were carried out. 
Essentially the same relationship is here shown to exist between 
the carbon dioxide recovered to the amount that could be pro- 
duced from the carbohydrate utilized as outlined for the Myco- 
bacteria above. The high values for per cent of possible carbon 
dioxide recovered in the case of the 1 per cent glucose broth cul- 
tures might be attributable to the fact that practically all the car- 
bohydrate had been utilized since, as will be considered below, 
the protein metabolism apparently increases as the carbohydrate 
concentration diminishes. Consequently in the low concentration 
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of carbohydrate present towards the end of the incubation the 
amount of carbon dioxide derived from the proteins would increase. 

It might thus be suggested that the degree of protein-sparing 
action exerted by the carbohydrate is definitely dependent upon 
the number of molecules of that carbohydrate available for po- 
tential contact with the organism. It would appear not to be a 
case merely of the presence of the carbohydrate, (a given protein 
sparing effect being exerted so long as any of the carbohydrate 
molecules remain) but rather that the protein sparing effect 
progressively diminishes as the concentration of the carbohydrate 
diminishes. Striking evidence that such is actually the case is 
provided by a study of the effect of higher concentrations of car- 
bohydrate on reaction changes, ammonia production, and titrat- 
able alkalinity as contained in the results given in section C of 
the table. 

In the 1 per cent glucose broth cultures of Myco. tuberculosis 
and Myco. smegmatis, the terminal reaction was pH. 8.6 in both 
cases; a terminal reaction of pH 8.0 was found in the 2.5 per cent 
glucose broth cultures even though considerably more carbon 
dioxide was produced in these cultures than in the 1 per cent 
glucose broth cultures; similarly there was still less reaction 
change in the 3.5 per cent glucose broth cultures. There was a 
corresponding difference in the ammonia produced, progressively 
less being formed as the concentration of the carbohydrate was 
increased. 

Thus, in spite of the greater amount of growth in the higher 
concentration of the carbohydrate as shown by greater carbon 
dioxide production, there was actually less ammonia produced, 
4.1 mgm. increase in ammonia being noted in the 1 per cent glu- 
cose broth culture of Myco. tuberculosis incident to the production 
of 184 mgm. of carbon dioxide, as compared to 0.4 mgm. ammonia 
increase incident to the production of 293 mgm. of carbon diox- 
ide in the 3 per cent glucose broth. This is especially emphasized 
by the values showing milligrams ammonia increase per milli- 
gram carbon dioxide recovered; for example in the cultures of 
Myco. tuberculosis these values are respectively 0.022, 0.007, and 
0.001 for the 1, 2.5 and 3.5 per cent glucose broth cultures. A 
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pronounced increased protein sparing action with increasing car- 
bohydrate concentration is here clearly shown. 

The titratable alkalinity in terms of ammonia is less than the 
ammonia increase in the 1 per cent glucose broth cultures. This 
further emphasizes the fact mentioned above that with increasing 
protein cleavage, whether in plain broth or carbohydrate broth 
cultures, the ammonia increase becomes progressively greater 
than the titratable alkalinity as expressed in milligrams ammonia. 
The relationship here shown to exist between titratable alkalinity 
and ammonia increase in the 3.5 per cent glucose broth (1.0 
and 0.6 with the Myco. tuberculosis and Myco. smegmatis respec- 
tively) further emphasizes the fact that, regardless of how much 
carbohydrate is utilized, there is no evidence that accumulation of 
products of the carbohydrate cleavage in any way alters the reac- 
tion or titratable alkalinity of the media. 

In the second half of Section C are reported results obtained 
when glycerol replaced the sugars as an extra carbon source. The 
most significant finding here is that, in any of the concentrations 
of glycerol employed, much less carbon dioxide was recovered 
than from the 2.5 and 3.5 per cent glucose broth cultures. It 
would appear from these results that the addition of glucose in 
the latter concentration provides a better medium for the growth 
of these organisms than the addition of glycerol. This is contrary 
to the usual conception and is worthy of further investigation. 

There is evidence of decreasing reaction change and ammonia 
production upon increasing the glycerol content of the media 
from 1 to 3 per cent as in glucose but not upon further increasing 
the concentration to 5 per cent. An increasing protein sparing 
action with increasing concentration of glycerol, as shown by the 
relationship of milligrams ammonia increase per milligram car- 
bon dioxide produced, is not definitely shown from these results. 
Likewise, the ammonia increase is greater in relation to the titrat- 
able alkalinity than in the glucose broth cultures. Since the 
amount of glycerol utilized was not determined, the significance 
of this variation is not clear. From the amount of ammonia in- 
crease it would appear that this is a further manifestation of the 
production of compensatory neutralizing substances from the 
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protein constituents of the media. Summing up the results in 
the glycerol broth, it would appear that the same basic relation- 
ships are present as found in the carbohydrate media studied, the 
glycerol being completely oxidized to carbon dioxide and water. 


VI. PROGRESSIVE CHANGES OCCURRING IN THE MEDIA WHEN THE 
CULTURE IS GROWN UNDER AEROBIC CONDITIONS 


The results just reported were obtained from cultures which 
were grown under conditions which permitted of only a limited 
supply of atmospheric oxygen. The question arises as to what 
effect this gradually diminishing oxygen supply has upon the 
metabolism of the organisms. Novy and Soule have shown that 
the degree of growth of the human type tubercle bacilius is de- 
pendent not upon the oxygen tension but upon the total amount 
of oxygen available. Their work demonstrated that the oxygen 
could be used “to the last molecule’”’ and that, thereafter, there 
were no further changes in the carbon dioxide relationships. 
There was no demonstrable carbon dioxide production after all 
the oxygen available had been used. Higher oxygen tensions 
permitted a more rapid growth but had no affect upon the respira- 
tory quotient. It would appear from their work, therefore, that 
the gradually diminishing oxygen tension would have no affect 
upon the metabolic products formed. 

What determinations the author has made thus far indicate 
that gradually diminishing oxygen supply in no way alters the 
relationships outlined in the preceding section. This work is 
being continued and will be reported in detail at a later date. 

In order that the entire problem may be presented at this time. 
the results obtained from one of the experiments will be briefly 
summarized. Employing Myco. smegmatis five consecutive de- 
terminations were made both upon plain broth and glucose 
broth cultures; these were made just prior to inoculation of the 
media and after six, nine, fourteen and twenty days incubation. 

A continuous aeration method was devised for these determina- 
tions. The method used was an adaptation, with certain modifi- 
cations, of the methods reported by Krishna (1928) and by 
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Greaves, Zobell and Greaves (1929). A similar method has been 
just reported by Walker (1930). A water pump was employed 
for obtaining negative pressure. The incoming air was drawn 
successively through sodium hydroxide solution, sulphuric acid, 
sterile distilled water, the culture flask, n/40 sulphuric acid, and 
finally a carbon dioxide absorption tower. The latter was simi- 
lar to that employed by Krishna while the arrangement of the 
culture flask with provisions for withdrawing specimens for 
analysis was similar to that used by Greaves et al. 

By this method, it was possible to carry out all determinations 
upon the media reported in the previous section and, also, to 
determine the ammonia and carbon dioxide liberated from the 
culture. 

During the entire incubation period 2023 mgm. of carbon diox- 
ide were recovered from the glucose broth culture. At the ter- 
mination of the third aeration period there remained no residual 
Ba(OH;) in the absorption tower, the available amount having 
been completely neutralized by the carbon dioxide. Some car- 
bon dioxide was thus undoubtedly lost. Fifteen hundred milli- 
grams of glucose as determined were utilized, from which 2190 
mgm. of carbon dioxide could have been produced. Thus, de- 
spite the fact that there was some loss of the evolved carbon 
dioxide, 93 per cent of the carbon dioxide that could possibly 
be produced from the glucose utilized was recovered. Thus, the 
same relationships as were found under gradually diminishing 
oxygen tension apparently here also obtain, as concerns carbon 
dioxide output and carbohydrate utilized. Only 1635 mgm. of 
carbon dioxide were recovered from the plain broth culture. 

The reaction of the media became progressively more alkaline 
in each case, more rapidly in the case of the plain broth culture. 
Both cultures were adjusted to pH 7.0 in the beginning. After 
20 days incubation the reaction of the plain broth culture was pH 
9.0 while that of the glucose broth culture was pH 8.6. At pH 
8.4, which was reached on the sixth day in the plain broth and on 
the fourteenth day in the glucose broth, the ammonia content of 
the two cultures was the same, 1.7 mgm. per 10 cc. At pH 8.6, 
the ammonia content of the plain broth culture was 2.89 mgm. 
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per 10 ec., that of the glucose broth culture was 2.6 mgm. per 10 
ce. This constitutes further striking evidence that the reaction 
change induced in the media by any given organism varies directly 
with the ammonia content, regardless of whether utilizable car- 
bohydrate is present. It is also further evidence that it is pre- 
sumably the derivatives of the nitrogenous elements of the media 
that are responsible for all reaction changes, the carbohydrate 
playing a part only to the degree that its presence alters protein 
metabolism. 

A similar close comparison was noted in the titratable alkalini- 
ties of the two cultures. At pH 8.4, the titratable alkalinity of 
the plain broth culture was 2.1 mgm. NH; per 10 cc., while* that 
of the glucose broth culture was 1.6 mgm. per 10 cc.; at pH 8.6, 
the values were 2.5 and 2.1 mgm., respectively. 

In addition it may be mentioned that ammonia is given off 
by the culture. Recognizable quantities were not obtained until 
the cultures had reached pH 8.0. As the reaction became more 
alkaline, progressively more ammonia was liberated. In the 
first aeration period, during which the reaction of the plain 
broth culture changed from pH 7.0 to 8.4, 5.6 mgm. of ammonia 
were recovered; in the next aeration period of 3 days, during 
which the reaction changed from pH 8.4 to 8.6, 7.4 mgm. of am- 
monia were recovered; during the change from pH 8.6 to 8.8, 
8.2 mgm. of ammonia were recovered; while 15 mg. were recovered 
in the final aeration period. It must be remembered that these 
values represent the total ammonia evolved from the 250 cc. of 
culture media under continuous aeration. The amount evolved 
from the 10 cc. cultures in the closed flasks reported in the previ- 
ous section of this paper would, thus, be too slight to introduce 
appreciable error in those determinations. 


VII. GROWTH OF ORGANISMS UNDER ANAEROBIC CONDITIONS 


From the work of Novy and Soule and many previous investiga- 
tors, the stringent oxygen requirements of the organisms belong- 
ing to the genus Mycobacterium are generally recognized. In 
order to determine whether this is a general characteristic of 
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all organisms used in this study attempts were made to grow 
the organisms under anaerobic conditions. 

Glucose agar and plain agar tubes were inoculated, as well as 
glucose broth and plain broth tubes; these were incubated for 
twenty-one days in a phosphorous jar without the appearance of 
growth in any tube. Cultures of Cl. tetani in the same jar de- 
veloped an abundant growth. After removal from the jar the 
same tubes, without further inoculation, were incubated under 
aerobic conditions with a resulting abundant growth by the end 
of one week. 

In other experiments the oxygen supply was definitely limited. 
Test tube cultures of the saprophytic Mycobacteria placed in 
N.P.N. tubes and sealed from the atmosphere with rubber stop- 
pers developed a moderate growth within two weeks. Some of 
the cultures were tested at this time for pH and for glucose utili- 
zation. Other parallel cultures were incubated for eight weeks 
more and then similarly tested. These latter cultures were found 
to contain approximately the same per cent of glucose and had 
the same pH as the cultures tested after 2 weeks incubation. 
Thus, despite the fact that these cultures had been subjected to 
8 weeks further incubation, there had been no further carbohy- 
drate utilization or reaction change. Many tests have been run 
in which the oxygen supply has been thus limited with the same 
results. Even if a good growth of the organisms has developed 
while the free oxygen is gradually decreasing there is no further 
utilization of carbohydrates or further growth after the oxygen 
supply has apparently all been exhausted. The organisms do, 
however, remain viable under anaerobic conditions as the first 
experiment given above illustrates. 

Thus, it would appear that the organisms of this genus possess 
no ability to obtain energy from carbohydrates under anaerobic 
conditions. Most bacteria, e.g., B. coli, B. subtilis, etc., can 
obtain some energy from carbohydrates by anaerobic cleavage 
to lactic, acetic, and other acids or to alcohol and carbon dioxide. 
Organisms of the genus Mycobacterium are thus apparently 
placed in a group by themselves. 
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VIII. ATTEMPTS AT DEMONSTRATION OF ORGANIC ACID PRODUCTION 
BY THE MYCOBACTERIA 


In an effort to demonstrate the production of organic acids 
Myco. smegmatis and Myco. tuberculosis (hominis) were inoculated 
into flasks of 1, 2.5, 5, 7.5, and 10 per cent glucose broth and into 
plain broth. After five days incubation of the 1, 2.5 and 5 per 
cent glucose broth cultures an effort was made to determine 
whether any organic acids were present. No evidence of such 
could be found by distillation. No test could be elicited for lactic 
acid in the ether extract using ferric chloride. After three weeks 
incubation, the 5 and 7.5 per cent glucose broth cultures were 
similarly tested, with no evidence of organic acids present. 

Growth did not appear in the 10 per cent glucose broth culture 
until about the tenth day. Growth was then slow for the subse- 
quent week, after which time the pellicle rapidly became heavier 
until by the end of one month a very heavy growth was present. 
No evidence of organic acids could be found from the tests upon 
these cultures. All cultures were more alkaline when tested 
than when inoculated. 

The same tests were run on cultures which were subjected to a 
limited oxygen supply in an effort to force utilization. Twenty- 
five cubic centimeters of the respective media were placed in 
N.P.N. tubes. After sterilization, inoculations were made and 
the cotton stoppers pushed down a short distance into the tube 
and then the tubes were tightly sealed by inserting rubber stoppers. 
Upon incubation, a pellicle of approximately the same thickness 
formed on the surface of the media in every tube. The medium in 
all tubes was more alkaline at the termination of incubation than 
when inoculated. Again, no organic acids could be demonstrated. 
' Thus, if organic acids of any type are formed as intermediary 
products in the carbohydrate metabolism of these organisms 
they do not accumulate in the media. Also, there is no evidence 
of any ability on the part of these organisms to derive any energy 
from carbohydrates in the absence of molecular oxygen. In other 
words there can be no partial cleavage of carbohydrates by these 
organisms; apparently they oxidize the carbohydrate molecule 
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completely or not at all. The end result of carbohydrate utili- 
zation in animal organisms is carbon dioxide and water but if 
animal tissues are subjected to anaerobic conditions there is an 
accumulation of lactic acid. In the latter case molecular oxygen 
is, thus, not necessary for the primary cleavage of the carbohy- 
drate. The author knows of no other example in animal or 
plant physiology where energy is derived from carbohydrates 
only in the presence of molecular oxygen. 


IX. DISCUSSION 


That the organisms belonging to the genus Mycobacterium do 
utilize some carbohydrates is clearly demonstrated by the present 
work. The demonstration of this fact, however, which was the 
object in view at the beginning of this investigation, is un- 
doubtedly not the only significant aspect of this investigation. 
New light is thrown on many aspects of the metabolism of this 
group of organisms and possibly on the metabolism of other bac- 
teria. Combinations of old methods have been used and some 
new methods have been introduced which are valuable in estab- 
lishing general relationships in bacterial cultures. These per- 
haps may be of value if extended to a study of other groups of 
organisms. 

The organisms of the genus Mycobacterium apparently have a 
singularly characteristic type of metabolism. It is due to this 
fact that some of the fundamental principles governing the carbo- 
hydrate metabolism of these organisms have been entirely over- 
looked. We have probably become too accustomed to consider- 
ing acid production from carbohydrates as the criterion of 
fermentation or utilization. The more readily demonstrable type 
of utilization is of course such a type of incomplete cleavage of 
the carbohydrate. Here, the reaction progresses rapidly and 
comes to completion in the course of a few hours with inhibition 
of further growth of the bacteria, apparently because of accumu- 
lation of the cleavage products. In this type of utilization a 
large amount of carbohydrate is acted upon in a short time with 
the liberation of a relatively small amount of energy. For ex- 
ample, in the conversion of one gram molecule of glucose to lac- 
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tic acid approximately 19 calories of heat would be liberated 
(calculation from the heats of combustion given in Handbook of 
Chemistry and Physics, Ninth Edition, Hodgman and Lange). 
On the other hand, if the same amount of glucose were oxidized 
completely to carbon dioxide and water, approximately 670 
calories of heat would be liberated. This is illustrated in the 
following equations: 


C.Hi.0, — 2 CH;CHOHCOOH + 19 Calories (approximately) 
C.Hi20. + 60, — 6CO, + 6H,O + 670 Calories (approximately) 


Approximately 35 times as much glucose would have to be 
attacked by the former method of utilization as by the latter 
method for the obtaining of the same amount of energy. Con- 
sidered from this standpoint the explanation of the greater rapid- 
ity with which the former type progresses becomes clear. It is 
logical to expect that in the case of those organisms that oxidize 
the carbohydrate completely, as the Mycobacteria apparently 
do, there might be a relatively slow, though progressive decrease 
in the carbohydrate content of the media with a considerable pro- 
duction of energy. This is what has actually been found to occur. 

Another significant factor is the réle played by the per cent of 
the substrate present in the media. It was clearly pointed out 
by Kendall (1921) several years ago that carbohydrates exert a 
protein sparing action. The fact that this action is increased by 
increasing the concentration of the carbohydrate in the media 
does not seem to have been previously demonstrated. Pos- 
sibly this phenomenon is encountered only in the case of the 
Mycobacteria but it seems possible that, if it occurs in this case, 
it may occur in other instances. The question of the concentra- 
tion of the substrate is unquestionably of importance in certain 
industrial processes dependent upon bacterial action, as for 
example the manufacture of vinegar (Allen, 1926). If, in this 
process, the alcohol be allowed to fall below 2 per cent concentra- 
tion the acetic acid bacteria begin oxidizing the acetic acid which 
they had previously been producing. The rdle played by the 
concentration of the substrate, whether it be the original substrate 
or a cleavage product which under proper conditions the organ- 
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isms can further oxidize, is a field that has been little investigated 
and that is rich in possibilities. 

In view of the fact that the organisms of this genus have been 
found to be so closely related in their metabolic activities through 
the present study and previous studies reported by other workers 
it seems reasonable to expect that the respiratory relationships 
found for the tubercle bacillus by Novy and Soule are typical for 
the entire group. The present investigation, then, aside from 
demonstrating actual utilization of carbohydrates by the Myco- 
bacteria has gone further in an attempt to correlate the respira- 
tory relationships as established by Novy and Soule with various 
quantitative biochemical changes occurring within the media. 

It is interesting that no inhibition to the growth of the Myco- 
bacteria was noted in this work when the organisms were grown 
over barium hydroxide. According to the results of Rockwell 
(1921) such inhibition might be expected to be encountered due to 
the diminished carbon dioxide tension. The author’s observations 
coincide more nearly with those of Novy and Soule (1928) who 
found no apparent inhibition to growth upon removal of carbon 
dioxide as completely as possible. 


X. SUMMARY 


1. The method of determining carbohydrate utilization by not- 
ing the appearance of acid in the media, which is the method 
generally used for such bacteriological determinations, is not 
applicable to the determination of utilization of carbohydrates by 
organisms of the genus Mycobacterium. 

2. The determination of the reaction curves, using a modifica- 
tion of the method of Long and Major, is an indefinite and im- 
practicable method of determining carbohydrate utilization by 
organisms of this genus. 

3. The reaction curves produced when Myco. leprae is grown in 
mannitol broth, when Myco. chelonei is grown in glucose broth, 
and when Myco. phlei is grown in mannitol broth were possibly 
characteristic enough to be of value as methods of differentiating 
the strains of these organisms used in this work from each other 
and from the remaining members of the genus. The reaction 
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changes are, however, influenced to such a profound degree by 
slight environmental changes that even these atypical curves 
are considered too indefinite to be of absolute differential value. 

4. The reaction changes in plain broth and carbohydrate broth 
that typify the organisms of this genus lead toward progressive 
increase in alkalinity. The reaction change is less rapid in the 
presence of utilizable carbohydrates. 

5. There is a rather wide utilization of carbohydrates by the 
organisms studied, as demonstrated by direct quantitative car- 
bohydrate determinations. The conclusions as to the carbohy- 
drates utilized are given in table 2. 

6. The increase in alkalinity, whether in plain broth or carbo- 
hydrate broth cultures, is associated with an increase in the am- 
monia content of the media. This increase in ammonia in most 
cases is approximately equivalent to the increase in the titratable 
alkalinity. In other cases, other substances, either acid or al- 
kaline in character, which are apparently derived from protein 
cleavage, are involved to some extent in the causation of the 
reaction changes and the changes in titratable alkalinity. Such 
changes are accounted for by the ammonia increase, equally as 
well in the carbohydrate broth cultures as in the plain broth 
cultures. 

7. The ammonia production was distinctly less for the produc- 
tion of a given amount of growth in the presence of utilizable 
carbohydrates. This diminished ammonia production was as- 
sociated with a decrease in the degree of reaction change of the 
media. Also, the higher the carbohydrate concentration, so long 
as it is within the limits that will permit growth, the less the 
ammonia increase and the less the reaction change of the media 
during the production of a constant amount of growth. Thus, 
not only the presence but also the concentration of a carbohy- 
drate is a factor determining the degree of protein sparing action 
it exerts. 

8. The ammonia content of the media varied directly as the pH, 
the ammonia contained in the media being approximately the 
same at any given pH for the same organism in carbohydrate- 
containing as in carbohydrate-free media. However, there was 





284 MALCOLM H. MERRILL 


no constancy found in the ammonia content of the media at any 
given pH when different organisms were grown in the same media. 

9. The presence of utilizable carbohydrate does not have any 
direct affect upon the reaction change of the media. Utilizable 
carbohydrates apparently affect the reaction changes only to the 
extent that they alter protein cleavage by the organism. Thus, 
there is no accumulation of cleavage products from the carbo- 
hydrate that in any way alter the pH of the medium. This con- 
trasts strikingly with the carbohydrate utilization by most bac- 
teria belonging to other genera. 

10. The utilization of carbohydrates by the organisms of the 
group studied is characterized by a gradual decrease in the car- 
bohydrate contained in the media until it completely disappears. 
There is, thus, no inhibition to the growth of the organisms at any 
time by products of the carbohydrate cleavage such as is the case 
in the majority of organisms the carbohydrate utilization of 
which have been studied. 

11. The carbon dioxide produced has been shown to vary di- 
rectly with the growth of the organisms, in carbohydrate-con- 
taining as well as carbohydrate-free media. The carbon dioxide 
produced also varied directly with the carbohydrate utilized in 
the carbohydrate-containing media, and in most cases more car- 
bon dioxide wags recovered than could have been derived from 
the carbohydrate-disappearing. This may be compared to a 10 
to 18 per cent yield of possible carbon dioxide recovered from 
cultures of acid-producing organisms each as B. coli and Staphy- 
lococcus aureus. Far more carbon dioxide was found to be liber- 
ated per milligram of ammonia produced in the presence, than 
in the absence, of utilizable carbohydrates. 

12. No inhibition to the growth of these organisms was noted 
when the cultures were placed in jars containing barium hydrox- 
ide. Thus, if removal of carbon dioxide does exert inhibition to 
growth such removal was by the present methods not complete 
enough to exert any effect. 

13. The organisms could not be grown under anaerobic condi- 
tions. Cultures grown in limited oxygen supply grew until all 
the oxygen was used and, thereafter, no further growth or carbo- 
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hydrate utilization or reaction changes in the media were demon- 
strable, even after two months’ additional incubation. Carbo- 
hydrate utilization, thus, takes place only in the presence of 
molecular oxygen. 

14. No acid cleavage products of the carbohydrate utilization 
could be demonstrated either in media of varying concentrations 
of carbohydrate or in the presence of varying quantities of 
available oxygen. 

15. The explanation suggested in the preliminary report, 
namely that if the carbohydrate molecule is attacked at all it is 
oxidized completely to carbon dioxide and water, without the 
accumulation of demonstrable amounts of any intermediate prod- 
ucts in the media, explains all the phenomena observed relative 
to carbohydrate utilization by these organisms. 
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Quite recently Burke and Barnes (1929) have brought up the 
question of the mechanism of the Gram reaction, and, reviving 
a theory rather ably supported by Benians (1920) have given 
data purporting to show that staining differentiation is due to 
what may be thought of as a selective sieve action on the part of 
the cell walls of various organisms in permitting large dye- 
mordant molecules to pass through. There seems no doubt that 
the existence of a large dye-mordant molecule is necessary if this 
is the mechanism. As stated by Burke and Barnes, ‘The cell 
wall theory assumes a change in the size of the dye molecules with 
the addition of the iodine or mordant.”’ It will be the object of 
the present paper to present data which indicate very strongly 
that this theory is built on the assumption of a substance which 
is non-existent in any soluble form. It is true that in aqueous 
solution a precipitate of seemingly definite composition is formed. 
Experiments with standard dye and standard iodine show that 
the composition is one molecule of dye to two atoms, or one 
molecule of iodine. It seems equally true, however, that, in 
alcohol or acetone, this precipitate redissociates completely into 
iodine and the free dye. 


EXPERIMENTAL 


Two lines of experimental evidence are presented, a study of 
the absorption spectra of dye in the absence and presence of 
iodine, and a study of the boiling point change due to the solution 
of the dye-iodine precipitate. 
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A. Absorption spectra 


When fluorescein is brominated eosin is formed. Solutions of 
both dyes are red in appearance with transmitted light. One 
might not expect any great shift in the maximum absorption band 
and yet this halogenation gives a shift of some 26 millimicrons. 
Now, if solutions, in either acetone or alcohol, of methyl violet 
and of the methyl violet-iodine precipitate are prepared, the 
former is a violet in color and the latter a rich red. If these 


TABLE 1 
Absorption spectra 





SOLUTION OF DYE : SOLUTION OF DYE-IODINE PRECIPITATE 





Dilution Wave length range Dilution Wave length range 





A. Alcohol solutions 





mu mu 
612-532 612-528 

603-541 608-538 

598-578 . 600-571 

591 (maximum) 591 (maximum) 





B. Acetone solutions 





636-497 626-516 
624-511 618-528 
612-532 617-525 
607-578 609-544 
593 (maximum) 593 (maximum) 














colors are due to differences in absorption of two different com- 
pounds we should expect a shift in the methyl violet band much 
greater than 26 millimicrons. Table 1 gives readings on the 
methyl violet band for both solutions of pure dye and of dye iodine 
precipitate. 

If there is a shift at all in the methy] violet band it is certainly 
less than 1 my. The change in color in the visual appearance of 
the solution is due to the superimposed absorption of the free 
iodine which absorbs in the short wave region. This can be 
shown qualitatively by placing a solution of precipitate next to 
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one of pure dye so that they may be compared. Now, by inter- 
posing a separate solution of iodine between the light source and 
the pure dye one can easily duplicate the color of the solution of 
precipitate. 


B. Boiling point elevation 


While the above experiment is almost conclusive it may be 
argued that halogenation might take place with no shift in absorp- 
tion, though it seems to the authors that it is virtually impossible 
for two different pure compounds, the one giving a violet and 


TABLE 2 
Boiling points 
Solvent: Acetone 





TIME THERMOMETER READING (CORRECTED) 





10:40 a.m. 2.141 
11:15 a.m. 2.139 
11:40 a.m. : | 2.138 
1:55 p.m. 2.139 
1.00 grams of Dye-I, precipitate introduced at 2:00 p.m. 


Pure acetone 


quired to completely dissolve 
the sample 


2:15 | a The slow rise is due to time re- 


2:50 2.221 
3:20 2.223 

: 2.223 
| 2.222 


2:35 | 2.195 


4:20 





Final volume—85 cc., boiling point rise = 0.082° 





the other a red solution, to have nearly identical absorption 
bands if the one is chemically derived from the other. Coupled 
with the following data, there seems no doubt of the dissociation 
of the compound into free dye and iodine, at least in acetone. 

In this experiment a fairly high degree of precision is required 
since the molecular weights of both dye and iodine are so high 
that relatively small boiling point changes are obtained at 
practicable concentrations. Thus, it is necessary to know the 
boiling temperature to within 0.002° to 0.003° and this necessi- 
tates a precise knowledge of any changes in barometric pressure to 
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0.1 mm. during the course of an experiment, and correction 
therefore. 

A Cottrell boiling point apparatus was finally employed. This 
insures equilibrium between solution and vapor without varia- 
tions due to changes in hydrostatic head met with where the 
thermometer bulb is placed in the liquid. 

A sample of precipitate was prepared and this was washed free 
from free iodine by KI solution and finally washed free from 
iodides by water, and then dried. 

Preliminary experiments indicated that the elevation in the 
boiling point caused by alternate additions of dye and iodine or of 
iodine and dye are additive but these data are not included since 
it might well be argued that the compound must be formed in 
water to be sure of reaction. In table 2 are given data on the final 
experiment. 

The apparent molecular weight is calculated from the formula: 


1.00 
0.082 X 85 


mM =-K~ = 2x 
ev 


319 


Here K is the volume boiling point constant for acetone, w is the 
weight of the solute, e is the boiling point elevation and v the 
volume solution. 

On the basis of an undissociated compound the molecular 
weight should lie between 641 and 674, depending on whether the 
dye used was the tetra, penta, or hexa methylated compound. 
Complete dissociation should result in an apparent molecular 
weight of 320 to 337. The experimental value was 319. This 
value also shows that the solute cannot be in any large colloidal 
state under these conditions. 

The results of these experiments seem to the authors, when 
taken in conjunction, to indicate conclusively that no new com- 
pound of any stable nature is formed between dye andiodine. In 
aqueous systems the two mutually precipitate each other, and, 
while it is beyond the scope of this paper to inquire into the 
nature of the precipitate, analogous phenomena can be cited. 
The one which immediately comes to mind is the case of the system 
quinone hydroquinone which, when present in sufficient quantity, 
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precipitates as sparingly soluble quinhydrone, an equimolecular 
mixture of the two, but which dissolves as quinone and hydro- 
quinone. 


DISCUSSION 


At first sight one of the chief points of strength in the argument 
of Burke and Barnes (1929) is the fact that they seek to differen- 
tiate what they term the “true’’ Gram reaction from what they 
call pseudo-Gram reactions, the two having essentially different 
mechanisms. Thus they specifically delimit the problem of 
rationalizing the results of a particular technic. The present 
authors are in complete agreement with them that, as a rationali- 
zation of the results of the Gram technic alone their postulated 
mechanism is entirely satisfactory, though they feel it is not the 
trueone. They believe that the actual mechanism of this reaction 
cannot be illuminated, much less discovered, by confining one’s 
attention to this technic alone. Organisms they believe are not 
in this manner excused from obeying fundamental laws of behavior 
which they are known to obey under very similar, if not identical, 
conditions. 

Even without the experimental results presented here, the 
type of cell wall theory usually given runs into difficulty in 
relation to general staining behavior. To give only one example, 
staining with dyes not precipitated with iodine should not, on 
the basis of this theory, be affected by its use. Yet as a matter of 
fact, the use of iodine decreases the retaining power of organisms 
for certain acid dyes (Stearn and Stearn (1924, 1925)). While 
this is contrary to the sieve picture it is easily explained on the 
mechanism given previously by the present authors (1924b). 
Let us picture what happens to the cell wall theory in its ordinary 
form on the basis of the present data. It is admitted that the dye 
molecules pass through any cell wall readily, as do those of iodine 
and decolorizer. The dye is added to a smear and a “‘pseudo- 
Gram reaction” occurs (i.e., combination between protoplasm and 
dye, the mechanism which the present authors consider the chief 
factor in the retention of stain. It is significant that Burke and 
Barnes admit the possibility of this mechanism as a primary re- 
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action.) Iodine is now added and the dye protoplasmic compound 
decomposed by precipitation of the dye. Decolorizer is finally 
added and the dye-iodine precipitate is dissolved, but not as a new 
compound, rather as free dye and iodine. Now, if differential 
decolorization depends on the presence of large molecules trying 
to pass a membrane, then all organisms should be decolorized, 
since the free dye molecules should be able to pass out through 
the membrane through which they entered. The authors have 
already shown that it would require the addition of over 14 atoms 
of iodine to double the molecular volume, which would result in 
an-increase of only 13 per cent in molecular diameter. The sym- 
metrical addition of 2 atoms of iodine, representing the composi- 
tion of the precipitate, would result in only a 2.5 per cent increase 
in diameter. They have, therefore, never seriously considered 
this change in size even before they knew of the fact that the 
compound did not exist in solution in the decolorizer; and under- 
took the present experiments only in the search for a type of 
evidence which is independent of any appeal to quantitative 
molecular volume considerations. There must, therefore, be 
some other factor which is effective in retaining dye, even in the 
“true’’ Gram reaction. 

In this connection a preliminary qualitative experiment is of 
interest. Slabs of gelatin were stained with methyl violet at 
varying pH’s. Some were treated with iodine and some not. 
At low pH’s those treated with iodine were, as Burke and Barnes 
would predict, more easily decolorized than those untreated. 
At high pH’s this was not the case. The freshly decolorized 
slabs which had had iodine treatment seemed at first almost 
opaque. After some hours they appeared to undergo a change 
giving « distinctly deeper blue than the unmordanted slabs. 
Here, there can be no question of cell wall. Alkali would not be 
expected to harden the surface layer as it tends to dissolve the 
gelatin, forming sodium gelatinate. With unsaturated materials 
such as soaps of unsaturated acids, the pH range through which 
iodine increased dye retention was wider. Cases were found 
where the unmordanted gelatin slab would take the counterstain 
and where, with the exception of the time element, one slab would 
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be called “truly’’ Gram-positive and the other Gram-negative. 
It is true that these substances are not protoplasm but such 
results as these should be impossible on the form of the cell wall 
theory of Burke and Barnes. 

The announcement by Churchman (1929) of a reversal of Gram 
reaction by pretreatment with basic dye and the postulation of a 
cortex layer has been taken as giving support to the cell wall 
theory. From a study of the plates he presents it can be easily 
seen that it cannot support the type of cell wall theory postulated 
by Burke and Barnes. As soon as the cortical layer is even partly 
gone the organism should become completely negative. Yet there 
can be partial reversal in which certain areas retain stain while 
others do not. These experiments are comparable in certain 
respects to some reported by the present authors (1929) in which 
it was shown that starving bacteria gradually lose Gram positivity 
passing through a stage where they present a stippled appearance 
with Gram-positive granules throughout. Many of these 
starved cells show the same diminution in size reported by 
Churchman. Now, if these results are to be reconciled with a 
cell wall theory, it will be obviously necessary to postulate a very 
complex network of walls throughout the cell and if this is done it 
becomes difficult to reconcile the findings of Burke and Barnes 
that expression of endoplasm from cells cause both endoplasm 
and ectoplasm to become Gram-negative. On the other hand, it 
is perfectly reasonable that a fairly prolonged pretreatment with 
dye might tend to leach out those components with which the 
dye most easily combines and which the present authors consider 
the important factor in dye retention in the Gram stain (or any 
other staining technic of similar character; i.e., wherein the 
mechanism is not one of reduction as in silver or osmic acid 
staining), and thus, when the Gram technic is subsequently 
employed, varying degrees of reversal would be expected as noted 
by Churchman. We are thus in letter, if not in interpretation, 
in agreement with Churchman’s statement that the Gram 
reaction ‘‘rests on an anatomical basis,’’ but in the sense that a 
change in anatomy, especially when brought about by chemical 
treatment or starving, is hardly dissociated from an alteration 
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not only in the constitution of the organism as a whole but even 
in that of specific regions. The prevalent notion that chemical 
theory necessitates the idea that ‘‘the cell wall has nothing to do 
with the reaction’ (Burke and Barnes (1929)) may confuse 
the issue. It is in the sense of a chemically inert sieve membrane 
that the present authors feel the cell wall cannot be effective. 
This point has been discussed more completely elsewhere (Stearn 
and Stearn (1928)). 

One must also never lose sight of the significance of the fact 
that the pseudo-Gram reaction of Burke and Barnes, which is 
admittedly chemical, gives essentially the true Gram classifica- 
tion (Scales (1922)). That is, the mordant, while technically 
necessary for Gram technic, is not essential for a closely parallel 
classification. It seems stretching the probability of pure 
coincidence that this should be the case if the mechanisms are 
entirely dissimilar, depending on whether iodine is present 
or absent. Even if one admit this last assumption, the validity 
of which is incompatible with the data presented in this paper, 
he would be driven directly to the conclusion that under a cell 


wall theory the wall permeability parallels the chemical constitu- 
tion of the organism in a rather startling manner. 


SUMMARY 


1. The cell wall theory of the Gram reaction mechanism in its 
ordinary form necessitates the existence in the decolorizer solution 
of large dye-mordant molecules. 

2. Absorption spectra indicate the presence of only free iodine 
and free dye in solutions of methyl violet-iodine precipitate in 
both alcohol and acetone. 

3. The boiling point elevation of a solution of methyl] violet- 
iodine precipitate in acetone indicates complete dissociation into 
iodine and dye. 

4. These findings indicate a high degree of improbability for 
the ordinary cell wall mechanism for the Gram reaction. 

5. They are in no way contradictory to the chemical mechanism 
formerly proposed by the authors. 
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In 1892-1893 I published three papers (Gorini, 1892, 1893a and 
1893b) in which I described the discovery that B. prodigiosus 
produces a rennin or chymase, viz., a milk-clotting substance or 
enzyme; and I arrived at the following conclusions, which at that 
time were entirely novel: 

1. Clotting of milk by cultures of B. prodigiosus is independent 
of the cell content of the culture, since it is produced by the sterile 
cell-free filtrates of cultures after passage through a Chamberland 
filter. 

2. Rennin production by B. prodigiosus takes place not only 
in milk but also in diverse types of media, even in the absence of 
casein and lactose (broth, gelatin, agar, potato). 

3. Prodigiosus rennin does not appear to be a product of cell 
autolysis, since the clotting power of the cell free cultures does 
not increase with their age. 

4. Prodigiosus rennin acts also upon heated and even upon 
autoclaved milk. 

5. Prodigiosus rennin is highly thermostable, being destroyed 
only by heating to 100°C. for over fifteen minutes. 

With respect to points 4 and 5, prodigiosus rennin appears to 
differ from calf rennin. 

Two years ago, J. G. Wahlin published a paper (1928) which 
reaches the same results but without recognizing fully my results 
of thirty-six years before. Wahlin says only ‘“‘Gorini (1893) 
found that B. prodigiosus possessed a rennin-like action in milk.”’ 

I am gratified that my results have found such new and com- 
plete confirmation after thirty-six years; but I feel that my pri- 
ority should not be ignored. 
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Our knowledge regarding the properties of bacterial spores, per 
se, has been impeded by the more or less universal impression that 
spores are metabolically inactive or inert. Except for occasional 
theories concerning spore-cycles and the like, the usual conception 
of spore function has been limited to ipso facto sporulation under 
conditions of unfavorable environment, and germination when 
conditions again become favorable. Some exceptions are noted in 
the cases of certain organisms having peculiar tendencies toward 
dormancy or latent germination. 

Spore properties, such as minimal metabolism, respiration, 
enzyme production and the possibility of varying degrees of pre- 
germination stimulation have received little attention or credence. 
There have been isolated attempts to gain information concerning 
these still hynothetical properties; some of these will be discussed 
later. 

Just as studies of the intimate details of metabolism have aided 
greatly in other fields of biological research, so a finer comprehen- 
sion of spore properties and spore function should result in 
material improvement and greater precision in studies of the heat 
resistance and dormancy of bacterial spores, a subject which so 
vitally affects various routine laboratory procedures and their 
industrial applications. 

The two strains of the organism with which all of the prelimin- 
ary work reported here was concerned were isolated in pure cul- 


1 This communication is based on a portion of a thesis submitted to the Gradu- 
ate School of Yale University by the senior author in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
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ture from spoiled cans of evaporated milk from two widely sepa- 
rated sections of the country. These strains were considered as 
identical or of extremely close relationship, for certainly in all of 
their major characteristics, particularly resistance to heat, and in 
the type of spoilage produced in milk, they were alike. These 
organisms are non-thermophilic and produce a non-acid, non- 
gaseous coagulation or solid curd formation in the sealed cans or 
tubes of evaporated milk, totally different from the so-called flat- 
sour spoilage caused by thermophiles, which is so commonly 
encountered in various canned foods, including milk. 

Although the type of spoilage produced is unusual, the occur- 
rence of this organism in cans of milk from divergent sources sug- 
gested that this invading type is a common one, or as will be inti- 
mated later, perhaps a common dissociant of one of the ordinary 
aerobic, spore-forming species. In many of their characteristics 
these strains conformed to the descriptions of B. vulgatus, but, on 
account of dissociative tendencies, could not be positively identi- 
fied as such. 


LABORATORY DETERMINATION OF HEAT RESISTANCE 


The heat resistance properties of the spores of the spoilage 
organisms were studied at the outset in order to obtain, if possible, 
data of immediate practical value in prescribing a safe steriliza- 
tion temperature and time for factory use, in view of the fact that 
the spoilage obviously has been due to under-sterilization. For 
this reason also evaporated milk was used as the heating men- 
struum in the preliminary experiments. 


SPORE SUSPENSION PREPARATION 


Uniform, viable spore suspensions free from clumps and cellular 
débris are basically essential to many, if not all, forms of spore 
study, and more particularly experiments on resistance to heat. 
After investigation of several methods for the preparation of 
suspensions, the following procedure was devised and adopted 
because of its simplicity and reliability. 


Plain nutrient agar slants, pH 6.8 to 7.0, are used in the cultivation 
of the organism. Incubation is continued until maximum sporulation 
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occurs. With the organisms under discussion, holding for two weeks at 
room temperature results in the presence of abundant free spores. The 
growth is washed from the agar surface with distilled water, and the 
crude suspension filtered through a cotton plunger tube to free it from 
débris and clumps. One filtration usually results in a surprisingly 
uniform, clump-free suspension. The cotton plunger tube consists of an 
ordinary test tube having a compact, closely fitting plug of non-absorb- 
ent cotten about one-third of the way down from the usual plug. The 
suspension is introduced below the plunger by means of a capillary- 
tipped pipette which is passed through or along the side of the cotton 
plug. The plunger is forced down through the suspension evenly with 
the pipette which is used for withdrawing the spore material. The 
spores are washed two or three times in distilled water by centrifugation, 
and finally suspended in phosphate-buffered distilled water, heated at 
80°C. for ten minutes and stored in the ice box as the stock suspension. 


Phosphate-buffered distilled water 


6.0 grams 


This double phosphate solution has a pH value of 6.8 to 7.0 which does 
not change on heating in ordinary soft glass tubes unless the temperature 
is extremely high or the heating prolonged. 


Except for certain modifications, the more or less standard 
method for heat resistance determination suggested by Bigelow 
and Esty (1920) was used in this work. 

After determining the approximate range of the resistance of the 
spores in evaporated milk at the temperature employed (115.5°C.) 
a number of series of sealed tube vials were exposed to heat in the 
oil bath and tubes were removed at intervals of one minute within 
this range. Subcultures were made in standard nutrient broth 
and on standard agar plates. Agar plates were found to be most 
reliable in the detection of surviving spores. 

Both of the spoilage strains, when heated in evaporated milk 
at 115.5°C., showed a survival time of fifteen minutes, and both 
were killed in sixteen minutes in numerous tests. All of the tubes 
in these series which were heated for shorter periods than the 
maximum survival time of fifteen minutes gave prompt growth ia 
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the subcultures. Likewise, the killing was 100 per cent in tubes 
heated for longer periods than the survival time of fifteen minutes. 

Immediately after completing these tests in the laboratory, 
experimental sterilization studies were undertaken in one of the 


milk canning factories. The technic used in this work was 
briefly as follows: 


Cans of evaporated milk were taken from the track conveyor at the 
filling machine before being soldered. In the plant laboratory 0.5 ce. 
quantities of the stock spore suspension that had been used in the pre- 
liminary tests were introduced into the cans through the small vent hole, 
immediately before complete soldering. Extensive series of such inocu- 
lated cans were subjected to various sterilization temperatures and times 


TABLE 1 
Showing survival of spores as determined by visible spoilage and cultural tests 

















STERILIZATION STERILIZATION TIME OF INCUBA- PHYSICAL CULTURAL 

TEMPERATURE TIME* TION aT 37°C. APPEARANCE EXAMINATION 
°C. minutes 
110.0 30 24-48 hours Curd; spoiled Positive 
115.0 15 24-48 hours Curd; spoiled Positive 
115.5 15 24-48 hours Curd; spoiled Positive 
116.0 15 48-96 hours Curd; spoiled Positive 
116.5 15 3 months Normal Negative 








* Exclusive of calculated time for heat penetration, as in the case of times 
reported for laboratory determination. 


in the regular and in the sample sterilizers. After the required time of 
exposure the cans were cooled by turning cold water into the sterilizer. 
They were then labelled and stacked in the 37°C. incubator room. 


The results of these sterilization experiments are presented in 
table 1. 

It is interesting to note the close correlation between the results 
of the preliminary laboratory determinations of heat resistance 
and those obtained in the experimental sterilization work at the 
plant, the maximum survival temperatures being 115.5° and 
116.0°C. for fifteen minutes respectively. 


DISSOCIATIVE TENDENCIES OF THE SPOILAGE ORGANISM 


When first isolated, both strains of the organism appeared on 
agar slant cultures as flat, even, dull, powdery gray growths 
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which were characteristic and constant in repeated transplants. 
Within three months, however, particularly in cultures over three 
weeks old, the appearance on agar had changed. Erosion or 
semi-lysis was apparent. Agar slant growths disappeared almost 
completely, leaving clear areas or a filmy secondary growth. A 
constant observation was that of papillate, secondary colonies 
superimposed on the agar surface growth in the older cultures. 
These colonies were smooth, white, glistening, opaque and raised. 

The morphology of the bacterial cells in these colonies was at 
decided variance with that of the usual dull, powdery gray growth 
on the same medium. Filamentous forms, varying in size and 
shape and characterized by profuse irregularity in staining, were 
seen. Some of these stained deeply, some lightly, while others 
presented pictures of mottled, granular or banded light and dark 
staining. Also, depending upon the time of examination, regular 
rods and sporangia could be seen, varying from normal to forms 
approaching the filamentous stage. 

This apparent dissociation was not of a stable or permanent 
nature, however, since transplants made from these raised, papil- 
late colonies to fresh agar invariably resulted in immediate rever- 
sion to the rough, dull gray type of growth. 

Limited attempts were made to obtain stabilized dissociants 
through the usual procedures of plating old broth or peptone water 
cultures, phenol-broth, or ‘R’’-exhausted-broth cultures. Al- 
though these attempts failed to induce permanent dissociation, 
the possibility of obtaining stabilized forms by more intensive 
methods was recognized. However, a comprehensive study of 
dissociation is not within the scope of this work, although the 
tendencies of these organisms toward dissociation suggest that 
this phenomenon, particularly the possibility of deriving super- 
resistant “roughs’” from common strains of the aerobic spore- 
forming bacilli, may play an important réle in the bacteriology of 
food preservation. 

Since the appearance of these dissociative tendencies persisted 
in all subsequent transplants, some attention was given in the 
further experimental work to the possibility of alteration or rever- 
sion of the organisms employed with respect to heat resistance. 
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To obtain direct evidence on this point, spores of the two strains 
were heated in sealed tube vials of evaporated milk, as in the 
original determinations, six months after the first tests. The 
resistance was found to be the same as it was at the outset. 


DORMANCY OF THE HEATED SPORES 


In further work on the heat resistance of the spores of the 
spoilage organisms, observations were made pertaining to the 
conditions under which the spores exhibited properties of dor- 
mancy or delayed germination after heating. In this work spore 
suspensions prepared in phosphate-buffered distilled water, as 


TABLE 2 


Showing heat resistance of spores in water, and dormancy of the heated spores incu- 
bated at 87°C. in nutrient broth 
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described previously, containing approximately 500,000 spores 
per cubic centimeter, were sealed in thin-walled tube vials in 1 cc. 
quantities and subjected to heat in the oil bath at 115.5°C. 
Tubes were removed from the bath at one minute intervals, sub- 
cultured in standard nutrient broth (Difco-Bacto meat extract 
and peptone) and incubated at 37°C. 

The data given in table 2 were based on the average duration of 
dormancy in a number of tests, since in the various individual 
trials irregular results were obtained. ‘‘Skips” occurred, as de- 
scribed by Esty and Williams (1924), and by other authors, and 
variable periods of dormancy were noted in the subcultures of 
different tests. In some instances the results of heat resistance 
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tests in water, with sub-cultivation in plain broth, indicated that 
the resistance of the spores was lower than that shown in tests 
made only a short time before. These results seemed offhand to 
refute the earlier observations on the properties of the same spores 
heated in milk, in which no “‘skips’’ occurred and in which the 
thermal death time was sharply defined and apparently constant. 
Such would have been the conclusion were it not for the fact that 
parallel or confirmatory tests in milk revealed that the spores 


TABLE 3 


Showing the variable response and dormancy of the spores in plain nutrient broth 
following heating in buffered distilled water at 100°C. Incubation at 87°C. 
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Note: Critical point not determined at 100°C.; see page 305. 


possessed their original resistance and showed no ‘“‘skips’’ or 
dormancy when the heated milk suspensions were subcultured by 
plating out on plain nutrient agar. 

Since the range of resistance of the spores heated in water at 
115.5°C. was limited (maximum four minutes) a series of tests was 
run at a lower temperature to determine whether or not these 
idiosyncrasies were retained by the spores when the heating was 
not so severe. 

It will be seen from table 3 that the same sort of irregular 
response is obtained at 100° as at 115.5°C., even though the maxi- 
mum or critical time for the spores at 100° was not appreached. 
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The occurrence of irregular results and variable periods of 
dormancy in all heat resistance tests on this organism in which the 
spores were heated in water and subcultured in plain nutrient 
broth, while regular results and no dormancy were obtained in 
tests in which milk was used as the heating menstruum and 
standard agar in plates as the subculture medium, suggested that 
the dormancy in the first instance was due to unfavorable environ- 
ment, that is, that some factor, nutritional or otherwise, is lacking 
in the standard nutrient broth medium. 


TABLE 4 
Showing the action of the spoilage organisms as compared with that of other aerobic 
spore-forming bacteria 
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THE ENZYMIC MECHANISM OF THE ACTION OF THE SPOILAGE 
ORGANISM ON MILK 


The apparent predilection of the spoilage organism for milk, as 
evidenced by its prompt development in milk, even after severe 
heating, led to the following experiment, which was designed to 
gain some information regarding the nature of the action on milk. 


A modification of the auxanographic method used by Eijkman (1901) 
in the study of bacterial enzymes was employed. Milk agar was pre- 
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pared by adding whole or evaporated milk to standard plating agar. 
Dilutions of the washed spore suspensions of the spoilage organisms, as 
well as of other forms, calculated to result in well-isolated colonies, were 
plated out on the milk agar and incubated at 37°C. 


Around the colonies of the spoilage organisms clear zones 
appeared in the opaque milk agar, indicating that some agent 
capable of producing changes in the milk had diffused out from 
the colonies. Frequently these zones extended for a distance 
many times greater than the diameter of the colony itself. Table 
4 indicates the action of the spoilage organisms as compared with 
that of other aerobic, spore-forming organisms. 

It is noteworthy that with the milk spoilage strains the appear- 
ance of the clear zone is simultaneous with the appearance of the 
colony, while with B. cereus and B. vulgatus (laboratory strains) 
the colonies reach considerable size (two to seven hours growth 
after their first visible appearance) before the slightest clear 
zone can be detected. Also, the clear zones formed by the milk 
spoilage organisms not only appear earlier but are much more 
extensive and persist longer than do those produced by the other 
forms. 

It is quite evident from these data that the spoilage strains pro- 
duce secretions of an active substance, probably a caseolytic 
enzyme, that is at least partly accountable for the avidity of these 
strains for milk. 


GENERAL DISCUSSION 


Some of the observations made in the work reported here are at 
variance with previous findings and generally accepted theories 
concerning spore behavior. 

Contrary to the present findings, variability in spore resistance 
to heat has been reported by numerous investigators, including 
Weiss (1921), Dickson et al. (1922), Esty and Williams (1924), 
Magoon (1926) and others. In general the view of most of these 
authors is that resistance is not a fixed property in any case, but 
an extremely variable one, being influenced by a host of condi- 
tions. Some are inclined to the view that there are wide varia- 
tions in the resistance of individual spores in a single suspension. 
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In view of the complexity and multiplicity of factors that have 
been reported from time to time as influencing resistance, it 
would be difficult indeed to offer an explanation of the apparent 
constancy in resistance observed by us in the spores of the spoilage 
organisms when uniform suspensions were heated in evaporated 
milk and incubated, with or without subcultivation on agar. 
The marked variability shown by spores from the same suspen- 
sions when heated in water and subcultured in standard nutrient 
broth, suggests that evaporated milk in this instance supplies a 
consistently favorable, protective and uniform environment, 
which, together with the maintenance of other desirable factors, 
results in reducing any tendency toward variation to an absolute 
minimum 

The writers’ views are in accord with those of the above men- 
tioned authors in so far as recognition of the possibility of varia- 
tion in spore resistance is concerned, since it occurred in this work 
under certain conditions, and because variability is a law of living 
things. On the other hand, the opinion is offered that the extreme 
variability so often reported for the spores of various organisms 
is associated with conditions that are unfavorable or extreme, 
either during storage of the stock spore suspensions, or in the 
course of testing, or in the subculture environment. Just as 
there are conditions which tend to favor or induce variability in 
the resistance of spores, so there are also conditions that influ- 
ence or bring about constancy of spore resistance. 

Similarly, the absence of “‘skips’’ in single tube series of heat 
resistance tests on spores of the spoilage organisms, when the 
heating menstruum is evaporated milk and the subculture medium 
is agar, must be attributed to the favorable nature of nutritional 
and other factors in the environment, for the reason that with 
changes in the heating and subculture mediums to water and 
standard nutrient broth, respectively, duplicate sets of spore 
suspensions from identical stocks exhibited “skips” in the 
majority of instances. 

In any discussion of “skips” and “killing range”’ in heat resist- 
ance determinations the uniformity of the spore suspensions of 
course cannot be ignored. In this work emphasis has been 
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placed upon the importance of this factor and on the heating of 
sufficiently large numbers of spores in each tube of a test series to 
further obviate unequal distribution of the spores 

The phenomenon of dormancy or delayed germination of 
aerobic spores after heating has been frequently reported as 
occurring in environments entirely favorable for the germination 
of the spores in question. Magoon (1926), for example, reported 
that spores of B. mycoides remained dormant in subcultures 
(heat resistance tests) for periods varying from one to sixty-four 
days. He attributed this dormancy to normal, inherent proper- 
ties within the spores, rather than to “heat inhibition” or injury 
due to heat, which has been suggested by Burke, Weiss and others 
as the cause of dormancy after heating. Neither of these views 
offers an explanation for the dormancy observed in the plain 
standard nutrient broth subcultures in the heat resistance tests 
on the spoilage organisms under consideration here. Both 
theories are untenable in this case, for the reason that with a 
change in pabulum from plain broth to milk the dormancy is 
eliminated. This fact limits the cause of the dormancy in this 
instance to environmental factors. 

There is considerable evidence, direct and indirect, in support 
of the view that dormancy of heated or unheated spores is a func- 
tion of the environment; in other words, that it is dependent on 
stimuli supplied by the environment. Further experimental 
work bearing on various environmental factors, particularly 
nutrition, in relation to dormancy, and discussion of this subject, 
will appear in a later communication. 

A brief discussion concerning the function of nutrition in the 
germination of spores of the spoilage organisms under considera- 
tion is included here, since a certain amount of experimental evi- 
dence has been presented to show the mechanism of the action of 
these organisms on milk. It has been indicated that the peculiar 
adaptability of these organisms to milk may be due in part to the 
predominance of enzymes elaborated by them which are capable 
of attacking certain materials present in milk. It is not afar cry, 
then, to presume that the effectiveness of milk in stimulating 
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germination of the spores after heating is due to the presence of 
like enzymes in the spores, themselves, and that the secretion of 
these enzymes takes place prior to the actual germination. 

The objection to such an hypothesis will be raised that enzymes 
are thermolabile and therefore can have no part in the rapid 
development of the spores in milk after heating to the extremely 
high temperatures mentioned. Granting this objection, the fact 
remains that the vital, life forces of the spores have been in no 
way impaired by the heat, as evidenced by their prompt germina- 
tion. It is conceivable, then, that the enzymes may be regener- 
ated by the spores, perhaps at an unusually rapid rate due to the 
stimulation of the temperature shock. The view, in this instance, 
that enzyme production and secretion precedes and facilitates 
germination by rendering the substrate utilizable by the germinat- 
ing spores, is in direct confirmation of the work of Ruehle (1923) 
and that of Effront (1917) concerning the enzymic content of 
bacterial spores. The following statement of Effront is particu- 
larly apropos in this case: “Bacterial spores attenuated either 
by heat or antiseptics show themselves the more productive of 
enzymes the more difficult their germination. Under certain 
conditions and in the presence of antiseptics the spores may pro- 
duce an intense secretion of enzymes in a liquid without, how- 
ever, arriving at germination.” 

The suggestion has been advanced that the spoilage organisms 
are possibly super-resistant varieties of some common aerobic, 
spore-forming organism because of the tendencies toward dissocia- 
tion. In this connection particular interest attaches to the work 
of Kelly (1926) on bacteria causing spoilage of evaporated milk. 
He has observed three types of spoilage, and it is significant that 
he designated the causative agents as atypical strains of B. cereus, 
B. simplex and B. megatherium, respectively. His results are 
highly suggestive as a possible confirmation of the contention 
that spoilage may be due frequently to super-resistant variants of 
common forms. In the writers’ experience, ordinary strains of 
B. cereus and B. megatherium are notably lacking in resistance to 
heat. 
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SUMMARY 


Observations made in a study of the properties of a heat- 
resistant, aerobic spore-forming organism suggest that the 
response or behavior of bacterial spores after heating is dependent 
upon environmental conditions, and that what appears to be 
extreme variability in spore resistance to heat is due to the lack of 
specific favorable conditions in the culture medium rather than 
to inherent qualities of variability. 

Spores of the milk spoilage organism in question gave regular 
results, without dormancy or delayed germination, in heat resist- 
ance determinations when evaporated milk was employed both 
as the heating and subculture medium, but extremely irregular 
results were obtained when nutrient broth was used as the sub- 
culture medium. It is significant that this organism is peculiarly 
adapted in its enzymic function to the environment supplied by 
milk. 

Because of certain dissociative tendencies, this spoilage organ- 
ism was thought to be a relatively stable variant of a common 
aerobic spore-forming species, B. vulgatus, which it resembles in 
many ways. 

REFERENCES 

BigeLow, W. D., anp Esty, J. R. 1920 The thermal death point in relation to 
time of typical thermophilic organisms. Jour. Infect. Dis., 27, 602-617. 

Dickson, E. C., Burke, G. 8., Beck, D., Jounson, J., anp Kina, H. 1922 
Studies on the thermal death time of spores of Clostridium botulinum. 
Jour. Amer. Med. Assoc., 79, 1239-1240. 

Errront, JEAN 1917 Biochemical Catalysts in Life and Industry. Trans. by 
8. C. Prescott, John Wiley and Sons, New York. 

Eyxman, C. 1901 Ueber Enzyme bei Bakterien und Schimmelpilzen. Cen- 
tralbl. f. Bakteriol., I Abt., 29, 841-848. 

Esty, J. R., anp Wiiiiams, C. C. 1924 Heat resistance studies. I. A new 
method for the determination of heat resistance of bacterial spores. 
Jour. Infect. Dis., 34, 516-528. 

Ketiy, C.D. 1926 Bacteria causing spoilage of evaporated milk. Proc. and 
Trans. Roy. Soc. Canada, 20, 387-394. 

Maaoon, C. A. 1926 Studies upon bacterial spores. I. Thermal resistance as 
affected by age andenvironment. Jour. Bact., 11, 253-283. 

Magaoon, C. A. 1926 Studies upon bacterial spores. II. Increasing resistance 
to heat through selection. Jour. Infect. Dis., 38, 429-439. 

Russe, G. L.A. 1923 The enzymic content of bacterial spores. Jour. Bact., 
8, 487-491. 

Wess, H. 1921 The heat resistance of spores with special reference to the 
spores of B. botulinus. Jour. Infect. Dis., 28, 70-92. 

















‘BACTERIAL SPORES 


Il, A STUDY OF BACTERIAL SPORE GERMINATION IN RELA- 
TION TO ENVIRONMENT' 


EDWARD W. MORRISON anv LEO F. RETTGER 
From the Division of Bacteriology, Yale University 


Received for publication June 20, 1930 


Perty (1852) was probably the first to observe and describe 
bacterial spores. Pasteur (1870), incidental to his work on dis- 
eases of the silk worm, confirmed the observations of Perty, 
finding similar elliptical, light-refracting bodies in bacteria. He 
extended the knowledge concerning the characteristics of these 
bodies by observing that they possess much greater resistance to 
injurious agents than do the bacterial cells themselves. Cohn 
(1877) was the first to establish the true nature of these bodies 
as spores, since Perty and Pasteur both failed of proof, not having 
observed the actual processes of sporulation and germination. 
Cohn saw the appearance of the light-refracting spore within the 
cell and observed the process of germination of spores of B. subtilis 
directly under the microscope. 

Ever since this earlier work bacterial spores have been the 
basis of controversies as to their formation and function. That 
there are spore forms in bacteria other than the classical endospore 
has been claimed by numerous investigators, particularly in con- 
nection with the hypothesis that spores function as reproductive 
bodies. Hueppe (1885) described swollen, irregular elements in 
old cultures of several organisms, which he termed ‘“arthro- 
spores.” Conidia formation was observed by Lister (1873) in 
cultures of B. lactis, and later by others in various organisms. 
These forms often were regarded as spores, and in fact Enderlein 


1 This communication is based on a portion of a thesis submitted to the Grad- 
uate School of Yale University by the senior author in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 
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(1925), who has reported them in many bacterial species, con- 
siders them as analogous to the ascospores of the fungi, and indeed 
‘as the true bacterial spores. Mellon (1925) described forms 
occurring in bacteria of the colon-typhoid and diphtheria groups, 
which he called “‘zygospores” because of their complete parallel 
to isogamic conjugation or zygospore formation in yeasts. Noc- 
ard and Roux (1887), Metschnikoff (1888), Wherry (1913) and 
others have observed bodies within the tubercle bacillus which 
resembled ordinary spores. 

Numerous theories have been evolved concerning the causes 
and conditions, both cellular and environmental, leading to spore 
formation. One of the first was that of Buchner (1890), which 
designated exhaustion of nutrient material as the primary factor. 
Preisz (1904) considered sporulation as a definite stage in the 
development of bacilli, and held that the optimum conditions for 
the initiation of the process are identical with those favoring 
maximum vegetative development. Matzuschita (1902) recog- 
nized lack of nutrient material as a factor, but attached more 
significance to oxygen accessibility in sporulation. He stated 
that aerobic bacilli under hydrogen or vacuum of less than 30 mm. 
never form spores. Hall (1922) found that sporulation of the 
anaerobic bacilli was most abundant in mediums characterized by 
a low content of fermentable carbohydrates, such as deep brain, 
alkaline egg broth and blood agar. MHenrici (1924) showed that 
spore formation is initiated at the end of the active growth stage of 
a culture and that, due to this fact, sporulation proceeds more 
rapidly in quarter strength medium because of the earlier cessa- 
tion of active growth. Churchman (1925) attacked the concep- 
tion that sporulation is merely a protective mechanism brought 
about by the stimulus of adversity in the environment, and pre- 
sented a certain amount of evidence from the standpoint of dye 
inhibition of sporulation in support of his contention. He stated 
that certain members of the tri-phenyl-methane series of dyes, 
among other effects, have the property of inhibiting rather than 
indu¢ing sporulation. The complexity of the phenomenon of 
sporulation was further indicated in the work of Daranyi (1927), 
who attributed the principal réle to colloidal influences. His 
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explanation was that upon aging a shrinking of the cell colloids 
occurs which brings about the stimulation necessary for the initia- 
tion of spore formation. He drew an analogy between bacterial 
cells and the body cells of animals, pointing out that age in the 
latter is characterized by a diminution of the water content and a 
concentration of the colloids. In support of this contention he 
presented evidence that sporulation could be induced in young, 
actively growing bacteria by diminishing the cell water content by 
artificial means. 

Any review of the literature concerning the germination of 
bacterial spores must embody material of diversified nature, for 
this property of spores is intricately involved in studies on 
lag, dormancy, heat relationships, single spore isolation, disinfec- 
tion, bacterial nutrition, and the réle of bacterial spores in disease. 
Preisz (1918) contributed a critical discussion on-the finer struc- 
ture of bacterial spores and changes incident to germination. By 
means of a delicate, intra-vital staining technic, using dilute 
fuchsin solutions, he was able to observe the cytological changes 
occurring in the process of germination, which he described and 
illustrated in detail. Meyer (1909) brought out the relationship 
of spore germination to oxygen. His tables evaluate the mini- 
mum, optimum and maximum concentrations of oxygen for the 
germination of spores of numerous species. For example, ex- 
pressed in amounts of oxygen per liter, he found that with B. 
subtilis 4.3, 400 and 4317 mgm. represented respectively the 
minimum, optimum and maximum. Ejijkman (1918) reported 
that the germination of spores of B. anthracis was hindered by 
the presence of salts that raise the osmotic pressure of the culture 
medium. He found that sodium chloride, sodium nitrate and 
levulose prevented germination at approximately the same 
osmotic pressure, as determined by the freezing point method, 
although the respective concentrations were greatly different. 

Direct observation of the germination time of bacterial spores 
was undertaken by Swann (1924). There had been a dearth of 
investigation on this subject, in spite of its obvious practical 
applicability, probably due to the fact, pointed out by Swann, 
that it had been taken for granted generally that spores placed in 
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a favorable environment would germinate promptly. In his 
direct microscopic observations he made distinction between two 
types of spores to be found under different cultural conditions, 
the “young type” and the “old type.” He found that the 
germination time of the “‘young type” of anthrax spores was 
short (1 hour and 30 minutes), constant, and independent of the 
age of the spore, while that of the ‘‘old type’’ was variable 
(minimum two hours and maximum seven hours). Allen (1923), 
in work concerned with the attenuation of bacteria due to tem- 
perature shock, brought out a point that was contradictory to 
the general trend of opinion in regard to the réle of injury in latent 
germination or dormancy. He found that with spores of B. 
subtilis more rapid germination and growth were exhibited after a 
heat shock of 145°F. for thirty minutes than before. 

There has been some confusion in the usage of the terms “‘lag”’ 
and “‘dormancy” or delayed germination. However, Burke and 
his collaborators (1925) evaluated the terms satisfactorily, desig- 
nating ‘‘lag’”’ as the latent period of a few hours shown by trans- 
planted cultures, while “dormancy” expresses the prolonged 
quiescence of a few cells in the transplant after the majority have 
multiplied. Although dormancy or delayed germination of 
bacterial spores has been observed repeatedly and encountered 
as a disturbing factor in various bacteriological studies, there has 
been no concerted effort to get at the underlying causes of this 
phenomenon until comparatively recent years, perhaps for the 
reason that dormancy has been more or less universally accepted 
as an unavoidable natural phenomenon. 

The classical example of dormancy, of course, is that so fre- 
quently observed with spores of Cl. botulinum. Burke (1919, 
1923), Dickson et al. (1925), Dickson (1927) and numerous others 
have reported extensive observations and investigations on the 
spores of this organism. The prevalent note in this work has 
been that dormancy is inherent or normal in the spores of Cl. 
botulinum, as contended by Burke (1923) in her work with 
unheated spores, and that dormancy is accentuated in heated 
spores, due to the injury and shock caused by the heat. 

Burke, Sprague and Barnes (1925) initiated a further develop- 
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ment in the study of dormancy. They presented evidence to 
show that the phenomenon of dormancy, usually associated with 
the spores of Cl. botulinum, is exhibited by the spores of common 
aerobic organisms, and indeed by non-sporing bacteria. Under 
conditions stated to be optimal for growth, they found that cells of 
E. coli remained dormant for as long as sixteen days and that 
unheated spores of B. subtilis and B. megatherium were dormant 
for thirty-nine and ninety days, respectively. This they spoke 
of as “normal dormancy.” 

That dormancy may be encountered as a disturbing factor in 
various researches is well illustrated in the work of Barber (1920) 
on the single spore isolation technic. Isolated spores showed 
variable germination times and Barber was inclined to attribute 
the instances of delayed germination to slight but significant 
differences in tubes of medium from the same batch. Starin 
(1924) also encountered dormancy following single spore isola- 
tions, finding that, although the majority of the positive cultures 
appeared within a week, a small percentage of the single spores 
exhibited prolonged periods of dormancy, reaching ninety days. 

In the réle of dormancy in disease, emphasis has been placed 
on the question of latent tetanus infections. Canfora (1907), 
Koser and McClelland (1917), and others have recognized the 
possibility of latent infection being caused by spores lying dor- 
mant in the blood or organs, particularly in case of traumatic 
injury or secondary invasion by other organisms in the immedi- 
ate vicinity of these spores, creating conditions favorable to 
germination. 


EXPERIMENTAL 


In a previous communication (1930) the authors made certain 
observations pertaining to conditions under which spores of a 
given thermo-resistant aerobic organism exhibited properties of 
dormancy. The bacillus in question was isolated from spoiled 
cans of evaporated milk, the spoilage being due to understeriliza- 
tion. In the course of heat-resistance determinations with this 
organism, it was found that spores heated in buffered distilled 
water and subcultured in standard nutrient broth showed marked 
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and variable periods of dormancy. In parallel tests on spores 
from the same suspension heated in evaporated milk, with or 
without subcultivation on agar, the dormancy was completely 
eliminated. This observation suggested that the dormancy in 
the first instance was neither “heat induced’ or “normal” 
dormancy, but rather an expression of the inadaptability of the 
spores to the particular environment supplied by the standard 
nutrient broth. The variability of these spores in their germina- 
tion time after heating, depending upon the nutritional or other 
stimuli supplied in the environment, led to the following investiga- 
tions which were designed to,shed some light on the extent to 
which various environmental factors influence the germination, 
and hence the dormancy, of washed unheated as well as heated 
bacterial spores. 


1. The germination time of aerobic spores as influenced by the 
nutritive value of the culture medium 


In preliminary attempts to determine the effect of various cul- 
ture mediums on germination two criteria of germination were 


adopted; the one was a macroscopic study of the extent of growth 
in a given time, and the other a determination of the increase of 
viable cells, by the interval plate counting method. Throughout 
this work washed spore suspensions were used, and efforts were 
made to keep inoculums uniform in all comparative tests. 


The culture mediums employed in this work were made up as follows: 

a. The plain nutrient broth was prepared from Difco Bacto meat 
extract and peptone according to standard methods of the American 
Public Health Association Committee. 

b. The tomato-extract peptone medium was prepared according to the 
method of Kulp (1927) and had the following composition: 


1 part filtered juice of canned tomatoes 
2 parts distilled water 

1 per cent peptone 

Reaction adjusted to pH 6.8 


c. Various forms of yeast autolysate or yeast extract mediums have 
been in use since the time of Pasteur (1858). As prepared in this labora- 
tory the medium consists of an extract (autolysate) of yeast (Fleisch- 
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mann’s) obtained by incubating 1 pound of yeast in 5 liters of distilled 
water for 3 days, with a small amount of ptyalin, and sufficient chloro- 
form to prevent bacterial growth. This concentrated extract is steamed, 
filtered, clarified and sterilized by autoclaving. The finished medium 
consists of : 


1 part concentrated extract of yeast 

2 parts distilled water 

1 per cent peptone 

Reaction adjusted to pH 7.0 

(Optimal amounts of glucose may be added) 


d. Glucose broth was prepared from the standard nutrient broth base 
by the addition of desired amounts of glucose. 

e. Sugar-free broth was obtained from the standard nutrient broth by 
the removal of traces of fermentable sugars by E. coli. 

jf. The synthetic medium consisted of the following ingredients: 


0.016 gram 
gram 
gram 
ce. 
per cent 


As shown in table 1, the tomato-extract and yeast-extract 
mediums had a definite stimulating influence on the germination 
of washed unheated spores of the aerobic organisms, as compared 
with the plain, sugar-free, and to a certain extent with the glucose 
broth. Spores of the various organisms exhibited marked differ- 
ences in their responses to the deficient mediums. A “lag’’ period 
was evident in all instances, but this was so pronounced with the 
milk spoilage organisms as to warrant the term dormancy. 
Although it is not shown in the table, this variability of response 
was not confined to certain organisms, for various tests on a single 
strain often resulted in very different germination times in the 
deficient mediums. The spores of strains I and II of the milk 
organism were particularly susceptible to the stimulating influ- 
ence of the tomato and yeast mediums. B. cereus was the least 
exacting in its nutritional requirements. The spores of B. cereus 











a eek a 2 


ne 5 Mane Noe malariae ats 






































hahaa Bae a a Arte RR a 

o "Yy} M013 YuBIINXN] 10 AAvay Ajours}xe ‘+--+ 4-4 fq9mo13 Aavay ‘+ +--+ [43013 uMIpour ‘+ + fqymo13 4qBT ‘+ 

es skepz ++ 8 ee a he he y}“013 pofejog 

- @ | ettt | ttt | +++ oT? + 4 ee sinoy ZT Yysory 

a ‘syuqns *g 
x skep og 0 Aept + ge aol haat is hie abe yy4013 pofkelog 

oa 0 | ttt | ttt T +++ a 0 as sInoYy ZT YIMOIy) 

fo) :(piogq) snzobjna *g 

| sXkep og 0 sinoy gf + | sanoygtT+ [tT y}so13 podvloq 

a 0 | tot I +4427 | +++ +o+ 0 Se eS sinoy ZI YdMoryy 

Z /9na4ao “gq 

step og 0 skepge ++ | shkepg + | shupgtr+ |-********'** qpmols podvjag 

z O | H+t+t+ | +4+4+4+ ++ 0 0 Sats sinoy ZI YpAOIN) 

Q “TT Gres98 ATTA 

a skup og 0 shepg + shep og + OB ah Ft te tte ees ypao13 pokvjeq 

2) O | t+t+) t+4+4++) ++ 0 0 SS baie tele ae = Binoy ZT YIMory 

a {| Urel38 AT 

F casper eS aig [Me BOM, | qosg wm fonoyde ana | HONG o9H)-20INg 

Fs : WSINVDUO 

: “OolE LV NOLLVEOONI ‘HLMOUD O140080NIVA 

= sasods 9190490 payspn fo uowynunussb ay) uo wnipou fo as2uanjfuy 


320 





' QIavL 





Ce a ee ee 


| 
; 


9 rennet ee 


BACTERIAL SPORES 321 


apparently germinate as rapidly in plain broth as in tomato- 
extract medium, as determined by the interval plate counting 
method (see table 2), although in the macroscopic tests growth in 
the tomato medium seemed to be more luxuriant than in plain 
broth. 


2. The influence of temperature on the germination of washed spores 


It is commonly supposed that non-thermophilic, aerobic spore- 
forming bacteria, except B. anthracis, have, as their optimum for 


TABLE 2 
Influence of medium on the germination of washed aerobic spores 





GERMINATION INDICATED BY INTERVAL PLATE 





ORGANISM MEDIUM 


Ohours| 1 hour | 3hours| Shours | 7 hours | 9 hours 








— Plain broth 9,600) 9,000 " 9,400) 9,100 ad 


Tomato broth | 6,200/12,500/13,800| 32,000! 51,000 


Plain broth 700 800 


Milk strain II...... 


B. anthracis 


a ee 


Tomato broth 


Plain broth 
Tomato broth 


Plain broth 


1,100 


2 ,900 


18 ,000/56 ,000 
26 ,000/96 , 000 


30 ,000/32 ,000 


9 ,000| 


Tomato broth 62 ,000/86 ,000 





B Plain broth 12 ,000/36 ,000 
oe Tomato broth 10 ,000/32 ,000 
Plain broth 

|| Tomato broth 








B. vulgatus ; 800 














,700) 1,800 





* Countless in the dilutions plated. 


growth, temperatures ranging from 24° to 30°C. In table 3 the 
temperature ranges for the germination of washed spores of 
several representative species are presented ; they show that, in so 
far as rapidity of germination is concerned, temperatures of 37°C., 
and in most instances, 48°C., are much more effective than the 
lower temperatures. Although all but one of the test organisms 
were capable of germination and growth at 12°C. there was a 








TABLE 3 


Influence of temperature on the germination of washed spores 





INCUBATION 
TEMPERA- 
TURE 


TIME OF INCUBA- 


TION 


GERMINATION OF SPORES (APPEARANCE OF COLONIES) 





B. anthra- 
cis 


B. subtilis 


B. cereus B. vulgatus 


Milk strain IT 





"Cc. 


12 


16 


37 


60 


. 





| 
| 


12 hours 
24 hours 
60 hours 
16 days 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
Delayed 


12 hours 
24 hours 
60 hours 
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7 days 
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days 
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16 days 


10 days 
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Standard nutrient agar. 
* Optimum in time of germination; greater number of colonies appearing. 
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variable lag at thistemperature. With B. subtilis and B. vulgatus 
the first visible colonies appeared in seven days, which would indi- 
cate an actual delay in germination, rather than simply a slow 
rate of growth after germination had taken place. Further 
evidence in this direction was obtained from a numerical deter- 
mination of the effect of temperature on germination. Plate 
counts on washed spore suspension inoculum showed that, within 
the temperature range for germination, the number of colonies 
appearing became progressively larger as the temperature in- 
creased. Thus, at 48°C. the average count was approximately 
four times as great as the average count at 12°C. and in most in- 
stances as that at 16°C., within the maximum incubation time of 
16 days. Thus, it seems that the germination of the majority of 
the spores in a given amount of suspension is indefinitely delayed 
at the lower temperatures. 

The conclusion that low temperature is an environmental factor 
to which these spores must become adapted before germination 
can ensue, seems justifiable. 


3. The influence of gaseous environment on the germination of 
washed aerobic spores 


In preliminary experiments with washed aerobic spores it was 
found that the substitution of atmospheres containing variable 
amounts of oxygen in mixture with carbon dioxide, ethylene and 
other gases, in place of ordinary air, exerted little or no influence 
on the germination of the spores. 

It is generally supposed that certain minimal amounts of 
oxygen are required for the germination of aerobic spores, but 
this seems to hold only for some of the organisms employed in the 
present work. Meyer (1909) and others have considered oxygen 
availability as one of the cardinal factors in spore germination. 
Table 4 gives the results of the effect of vacuum? on the germina- 
tion of several representative species of aerobic organisms on the 
surface of agar medium. The data reported are based on numer- 
ous experiments in which complete anaerobiosis was obtained as 


2 The term ‘“‘vacuum”’ is used here in a relative, and not absolute, sense. The 
same applies to anaerobiosis.” 
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shown by the manometric readings and by the sensitive methylene 
blue indicator used in all of the vacuum jars. In some of the 
experiments in which these same results were obtained, oxygen 
absorption was resorted to in the vacuum jars, supplementary to 
evacuation. For this purpose sodium hydrosulphite in alkaline 
solution was placed in the bottom of the jars. A Cenco Hyvac 
pump was used in this work. According to the results obtained, 
no measurable minimum oxygen requirement can be established 
for the germination of spores of the strains of B. anthracis, B. 
subtilis and B. vulgatus (I) used. It is significant that Cl. sporo- 
genes and various strains of Cl. botulinum developed on the surface 
of the standard nutrient agar under the same conditions (in the 
same or separate vacuum jars), and in approximately the same 
time as did the three so-called aerobic species mentioned above. 

The influence of ethylene gas on the germination of aerobvc and 
anaerobic spores. Gaseous environments in which unsaturated 
gases like acetylene and ethylene are incorporated have not been 
studied in connection with the germination of bacterial spores, in 
so far as the writers have been able to determine. Several con- 
siderations, particularly the striking physiological effects exerted 
by ethylene on the cells of growing plants (Harvey, 1915), the 
stimulation of the germination of seeds and the sprouting of 
dormant plant organs by this gas (Rosa, 1925), and the accelera- 
tion of the ripening of fruits and vegetables by ethylene, probably 
due to stimulation of the enzymic function and other vital cell 
activities, prompted the following investigation of the effect 
of various concentrations of ethylene gas on spores. Since this 
gas is stimulative to various biological processes, an analogous 
acceleration of spore germination was considered possible. 

Since no stimulation was detectable in the preliminary experi- 
ments, in which broth and agar mediums inoculated with washed 
aerobic spores were incubated in bell jars containing atmospheres 
made up of different mixtures of ethylene with oxygen or air, 
experiments were undertaken to determine the effect of ethylene 
on the germination of aerobic and anaerobic spores in vacuo. It 
will be seen from table 4 that, compared with vacuum only, ethy- 
lene does apparently stimulate the germination of both aerobic 
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and anaerobic spores under identical conditions. This suggests 
that the effect involves a direct stimulation of vital forces, perhaps 
of the enzymic function of the spores. It is noteworthy, also, 
that even in the highest concentration attainable ethylene is 
non-toxic to the sporulating bacteria. Although maximum 
growth of the aerobic organisms, following germination from the 
spore, does not take place in vacuo or in any concentration of 
ethylene displacing the vacuum, this effect is not due to toxicity of 
the gas, since growth takes place about equally well in all concen- 
trations, and since uniform, maximum growth ensues when agar 
slant cultures are removed from the vacuum jars and incubated 
under atmospheric conditions, though the exposure to ethylene 
has been continued for ten days or more. 


4. Nutritional factors influencing the dormancy of heated washed 
spores 


Since the germination of washed unheated spores of the milk 
organism was markedly stimulated by the nutritional factors 
supplied in tomato or yeast-extract mediums, as compared with 
standard nutrient broth and other mediums, parallel heating 
experiments were conducted to determine whether or not these 
same media exert the same favorable influence on spores that have 
been heated, keeping in mind the fact that the spores of the milk 
organism exhibited pronounced and variable dormancy in all pre- 
vious instances when heated in water and subcultured in standard 
nutrient broth. In these experiments a single tube series of spore 
suspensions, all from the same stock, was heated in buffered 
distilled water at 105°C. At the end of each time interval a 
single tube was removed trom the oil bath, and equal portions 
of its contents were subcultured in the different mediums. The 
results are shown in table 5. 

The striking points in these comparative tests in which equal 
portions of single heated suspensions were subcultured in different 
mediums are: (a) That the same pronounced “dormancy’’ or 
delayed germination occurred in the standard nutrient broth sub- 
cultures in all of the individual tests on heated spores; (b) that 
in the tomato and yeast-extract subculture mediums dormancy 
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and skips were entirely eliminated, growth occurring promptly 
(within twelve to twenty-four hours) in every tube of the single 
tube series up to the critical time; and (c) that heat shock or in- 
jury can play no part in the dormancy of this organism, since 
spores receiving the maximum heat germinate as promptly as 
others when a favorable environment is supplied in the sub- 
culture medium. 


TABLE 5 
Influence of nutritional factors on the dormancy of spores after heating 





MILE a H csp megen MILK STRAIN 11 (SUBCULTURES AT 37°C.) 





: l 
——-. TIME por ny bendy Growth in 12 to 24 nouns) 
HEATED ets Delayed Delayed 
row in owth in 
Tomato} pisin plain broth |Tomato) Yeast | p),;, plain broth 


me- me- me- 
dium broth dium | dium broth 








+ 16 days 
+ 16 days 
+ 22 days 
+ 18 days 
+ 24 days 
+ 22 days 
+ 22 days 
+ 30 days 
— 50 days 
— 50 days 
— 50 days 
— 50 days 
— 50 days — 50 days 
— 50 days — 50 days 
— 50 days — 50 days 


+ 2 days 
+ 2 days 
+ 2 days 
+ 13 days 
+ 30 days 
+ 10 days 
+ 16 days 
— 50 days 
| — 50 days 
— 50 days 
— 50 days 
— 50 days 
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§. Factors contributing to or determining the dormancy of washed 
unheated bacterial spores 


The method employed in this work for the determination of 
dormancy follows, with certain important modifications, the pro- 
cedures worked out by G.S. Burke (1923) and by Victor Burke and 
his associates (1925) for the study of “normal dormancy” in 
spores of Cl. botulinum and in common aerobic spores. 
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Technic. Approximately single spores of the various organisms 
studied were inoculated into deep tubes of different mediums containing 
0.5 per cent agar. To this end, washed spore suspensions were diluted 
and subjected to the plate count method to determine the amount of 
inoculum necessary for the desired distribution of spores. After select- 
ing a definite dilution, trial tubes of soft agar and of liquid mediums were 
inoculated with the determined amounts, incubated for twenty-four 
hours and examined before the regular series of tubes were inoculated. 
During this interval the dilutions were held in the refrigerator. In 
inoculating parallel sets of tubes with the same suspension in order to 
determine the relative stimulation of the germination of the single 
spores in different mediums, the tubes were seeded alternately from the 
same pipette. Furthermore, the various mediums were always pre- 
pared at the same time and, as far as possible, from the same materials. 
Other conditions, such as temperature of the medium when inoculated, 
incubation temperatures, the time of sealing the tubes, etc., were kept 
constant in parallel tests. The theoretical total of spores in the amount 
of inoculum used for all of the tubes in a given test was calculated from 
an average of multiple plate counts of the dilution used. Tubes showing 
no growth in twenty-four hours were sealed with paraffin and observed 
daily during the first ten days and at less frequent intervals thereafter. 


The results of these experiments on the dormancy of individual 
washed spores of common aerobic organisms are presented in 
tables 6 and 7, but a summary of these results seems to be desir- 
able here in order to emphasize certain of the observations. 

B. subtilis. It will be seen in table 6 that in an extensive series 
of tubes distributed through three different mediums there is no 
evidence of dormancy or delayed germination of the spores of B. 
subtilis within the maximum incubation period of fifty days; all 
of the tubes showing growth did so within twenty-four hours. 
The yeast-extract and glucose infusion agars have apparently no 
advantage over the plain agar for this organism, although the 
percentage of the theoretical total spores developing in the yeast 
medium is considerably higher than in the plain or glucose in- 
fusion agars. Since no further spores develop in any of the 
mediums between the first and fiftieth days, the variation in 
percentages is assumed to be due to an experimental error in the 
distribution of thespores. This is in accord with the observations 





TABLE 6 
Results of experiments on the dormancy of individual washed spores 





PLAIN 0.5 PER CENT AGAR; | YEAST-EXTRACT 0.5 PER CENT penny 0.5 PER 
213 TUBES INOCULATED =| aGak; 110 TUBES INOCULATED Bene phe bony ame 





Theoretical total spores in | Theoretical total spores in | Theoretical total spores in 
INCUBATION inoculum: 213 inoculum: 110 inoculum: 40 
TIME 





Per cent Per cent Per cent 
Total | of theo- Tubes Total 1 Total | of theo- 
colonies | retical positive colonies colonies | retical 
alltubes| total all tubes alltubes| total 
spores spores 








A. B. subtilis 





96.7 70 115 




















96.7 70 115 








B. B. megatherium 





50 TUBES INOCULATED 50 TUBES INOCULATED 50 TUBES INOCULATED 





Theoretical total spores in | Theoretical total spores in | Theoretical total spores in 
inoculum: 38 inoculum: 38 inoculum: 38 





2 ; 26 36 94. 1 2.6 
i 2. 


7 
1 1 6 


























27 37 | 97.3 





. B. cereus 


~— 





25 TUBES INOCULATED 25 TUBES INOCULATED 





Theoretical total spores in | Theoretical total spores in 
inoculum: 22 inoculum: 23 





14 20 90.9 14 16 72.7 








14 90.9 14 16 72.7 





D. B. vulgatus 





50 TUBES INOCULATED 50 TUBES INOCULATED 





Theoretical total s in | Theoretical total spores in | 
inoculum: 2 inoculum: 28 





22 24 86.0 18 24 
2 2 








20 
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made previously that this strain of B. subtilis is not at all exacting 
in its nutritional requirements, growth occurring about as well 
in plain broth as in glucose broth or in any other special medium. 
The fact that this organism was the only one of those tested 
which developed from the spore in the synthetic medium further 
confirms this assertion. 

B. megatherium. In the experiments with B. megatherium an 
inexplicable idiosyncrasy was displayed by the spores. Within 
the maximum period of incubation only one spore out of a 
theoretical 38 germinated in the glucose infusion 0.5 per cent agar, 
although the three mediums indicated in table 6, B, were inocu- 
lated alternately from the same pipette with the same amount of 
inoculum. It is apparent from the table that this effort to insure 
even distribution of the spores was successful in so far as the 
first two mediums are concerned. The glucose infusion medium 
employed was part of the same batch which was used in the experi- 
ment with B. subtilis and, as has been shown, the spores of B. 
subtilis germinated as well in this as in the other mediums. Since 
conditions were kept constant in all other details of this parallel 
test it must be assumed that these results are due to subtle 
peculiarities of these spores in their nutritional requirements for 
germination. It will be noted in this experiment also that the 
period of dormancy extends to the eleventh day in the plain agar, 
with 26.3 per cent of the total spores developing after 24 hours. 
In the yeast-extract medium dormancy is practically eliminated, 
extending only to the second day, with one spore or 2.6 per cent. 
This further indicates special requirements for germination of the 
spores of this organism. 

B. cereus and B. vulgatus. Although no very definite conclu- 
sions can be drawn from the limited number of tubes inoculated 
with single spores of these organisms, as shown in table 6, C and 
D, the indication is that they do not exhibit particular tendencies 
toward dormancy under the environmental conditions supplied. 

Milk strain I. The most marked peculiarities in requirements 
for germination observed in these experiments, and the most pro- 
longed periods of dormancy, were exhibited by the spores of 
strain I of the milk organism. As was expected, on the basis of 
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the earlier experiences with this organism and the dormancy 
displayed by it in plain broth subcultures after heating, the indi- 


TABLE 7 
Results of experiments on the dormancy of individual washed spores. Milk Strain ] 





PLAIN 0.5 PER CENT AGAR; | YEasT-EXTRACT 0.5 PER CENT, SLUCOSE-INFUSION 0.5 PER 


7 . 7 CENT aGaR; 45 TUBES 
100 TUBES INOCULATED aGak; 100 TUBES ee INOCULATED 





Theoretical total spores in | Theoretical total sporesin | Theoretical total spores in 
INCUBATION inoculum: 100 inoculum: 100 inoculum: 45 
TIME 





Per cent Per cent | Per cent 
Total of theo- Total of theo- Total of theo- 
colonies | retical colonies | retical colonies | retical 
alltubes; total alltubes| total alltubes| total 
spores spores spores 





78.0 
9.0 
1.0 


non 
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Surface growth. 


vidual washed unheated spores showed pronounced dormancy 
in the plain deep 0.5 per cent agar (table 7). In glucose infusion 
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agar variable periods of dormancy were encountered; yet, unlike 
the action in plain agar, germination began on the first day, show- 
ing that the spores were supplied with better, though not optimal, 
environmental conditions. Carrying this observation further, 
it is seen that conditions still more favorable, and yet not optimal, 
are supplied in the yeast-extract agar, as evidenced by the fact that 
78 per cent of the theoretical total number of spores developed 
‘within 24 hours in this medium, whereas only 17.7 per cent of the 
spores in glucose infusion agar showed growth in the same time. 

The fact that 78 per cent of the individual spores of this organ- 
ism developed promptly in the yeast-extract agar, while there was 
a prolonged quiescence in the plain agar medium, offers an explan- 
ation of the elimination of dormancy in heat resistance tests on 
this organism by substituting yeast-extract medium for plain 
broth in the subcultures. The objection is of course raised that 
the final criterion as to whether or not an organism has tendencies 
toward dormancy, according to definition, is the prolonged quies- 
cence of a few spores out of a transplant, and that since only 78 
per cent of the total single spores showed prompt germination, this 
organism has inherent tendencies toward dormancy. This may 
or may not be the case, and in the discussion that is to follow 
several factors will be considered which should enable us to form 
at least an hypothetical conception of the factors which deter- 
mine dormancy. 

It may be said here, however, that the graduated results ob 
tained with this organism in three different mediums—pro- 
nounced dormancy in plain agar, less marked dormancy in glucose 
infusion agar and still less in yeast-extract medium,—suggest 
that the dormancy is simply an index of the degree of unfavorable- 
ness of the environment or medium rather than a normal or 
inherent quality of the spores. 


6. Discussion 


The present work has shown that bacterial spores may reveal 
marked variability in their response to environmental influences. 
It seems justifiable to assume that spores in the process of ger- 
mination are active metabolizing bodies, having exacting nutri- 
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tional and other requirements for germination. In the absence 
of particularly favorable conditions, spores undergo a period of 
adaptation just as growing vegetative cells do under changes of 
environment (Lag phase). When, however, unfavorable environ- 
mental conditions are encountered by spores, the lag period is 
usually so extended that it acquires the aspect of what is termed 
dormancy. 

Of the various nutritional factors influencing spore germination, 
and therefore spore dormancy, the availability of nitrogen is 
perhaps of outstanding importance. From the work of Sperry 
and Rettger (1915), Rettger, Berman and Sturges (1916) and 
Berman and Rettger (1918) it is evident that the nutritional value 
of a culture medium is largely dependent upon the nature of the 
nitrogenous material present, and that amino acids and other sub- 
stances which readily give up their nitrogen are of particular 
significance. Although their work was not directly concerned 
with spore germination, it is readily applicable to this process on 
the basis of the foregoing assumption that spores are not inert, 
but active bodies having the same or more exacting requirements 
for their metabolism than do vegetative cells. Stickel and Meyer 
(1918) suggested the general use of peptic or tryptic digestion 
products of protein material in bacteriological work, particularly 
in the cultivation of the sporulating anaerobes, due to the high 
amino acid content and nitrogen availability of such mediums as 
compared with the usual standard mediums. Among the 
numerous investigators suggesting the use of various forms of 
yeast autolysate or extract mediums, either because of their 
growth-stimulating properties or as economical substitutes for 
meat extracts, are Kressler (1918), Kligler (1919), Eberson (1920) 
and Ayers and Rupp (1920). Thjétta (1921) and Thjétta and 
Avery (1921) made important contributions to the subject of 
bacterial stimulation by growth accessory substances in certain 
culture mediums. In the latter communication they reported 
marked stimulation of bacterial growth by small amounts of 
extracts of yeast cells, and of certain vegetables such as green 
peas, string beans and tomatoes. Wagner, Dozier and Meyer 
(1924) emphasized the high “biologic value” of mediums contain- 
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ing beef heart infusion, and the superiority of these mediums over 
others in the original isolation of the anaerobic bacteria from 
spores. 

That incubation temperature and heat stimuli may play im- 
portant réles in bacterial spore germination is evidenced by the 
results of the experiments on the temperature ranges for germina- 
tion reported herein, and by the work of previous investigators. 
Weyer and Rettger (1927) showed that marked stimulation of the 
germination and subsequent vital activity of spores of Cl. aceto- 
butylicum followed a brief exposure of the spores to boiling tem- 
perature. Also, Allen (1923) in his work with spores of B. subtilis 
showed that more rapid germination and multiplication took 
place after heat treatment or shock at 145°F. for 30 minutes than 
in the unheated material. 

Ludwig (1918) contributed the only direct work on the effect 
of ethylene gas on bacteria that has come to the attention of the 
writers. His work was concerned with the influence of illuminat- 
ing gas and its constituents on bacteria and fungi, particularly 
varieties pathogenic for plants. He found that the development 
of bacteria in the presence of ethylene was not materially checked 
until high concentrations were reached. In spite of the various 
stimulative properties of ethylene, it has been reported as havng 
extreme toxicity for certain plants and plant organs. Crocker 
and Knight (1908) reported on the toxic effect of ethylene upon 
flowering carnations. Knight and Crocker (1913) noted extreme 
toxicity for sweet pea epicotyls. Harvey (1915), and Harvey and 
Rose (1915) have shown that the extreme toxicity of ethylene 
holds for numerous different species of plants. Ludwig, in the 
work just cited, was seeking an analogous toxicity for bacteria 
and fungi that are pathogenic for plants. 

Other than to suggest that gaseous environment may enter as 
one of the factors determining germination and hence dormancy, 
and especially that the unsaturated hydrocarbon gases such as 
ethylene may act as stimulants of germination, the present work 
on. gases is not sufficiently complete to be conclusive. If, how- 
ever, the writers’ hypothesis relative to the facilitation of spore 
germination by means of pre-germination enzymic function be 
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taken into consideration, an hypothetical explanation of ethylene 
stimulation may be suggested; namely, that ethylene accelerates 
this enzymic or other metabolic function of the spores. The 
recent work of Nord and Franke (1928) tends to support this 
explanation. Their paper dealt with the protective and stimula- 
tive effect of ethylene on various enzymes, either in solutions (cell 
extracts) or in living cells (zymase of yeast) or in plant tissues 
(catalase of tobacco leaves). 

In the experiments on the dormancy of heated spores of the 
milk organism it was conclusively shown that the dormancy 
exhibited by these spores in standard nutrient broth subcultures 
could not have been “normal” dormancy, or due to factors of 
“heat inhibition’ or “heat shock,’’ to which previous investi- 
gators have usually attributed prolonged dormancy after heating. 
Spores of single heated suspensions showed prompt germination 
when supplied with adequate nutritional stimuli in the subculture 
medium, that is by simple substitution of tomato or yeast-extract 
medium for standard nutrient broth. This observation seems 
significant, since standard nutrient broth is commonly used as the 
subculture medium in heat resistance determinations on common 
aerobic spores and in sterility tests of various kinds. 

In the experiments on the dormancy of individual washed 
spores of aerobic bacilli there is further evidence that the dor- 
mancy of unheated spores, usually called ‘normal dormancy,” 
is in reality a function of the environment or an index to the degree 
of unfavorableness of the environment of the spores, since the 
extent of dormancy varied markedly according to the nutritional 
stimuli supplied in the medium. It was observed that B. subtilis, 
B. cereus and B. vulgatus did not show any tendency toward so- 
called “normal” dormancy when single washed spores were inocu- 
lated into plain, glucose infusion or yeast-extract soft agar 
mediums. This observation is at variance with the findings of 
Burke et al. (1925), who reported that unheated spores of B. 
subtilis remain dormant for as long as 39 days in deep agar culture. 
Differences in the strains of B. subtilis used, or in the technic, 
might well account for this discrepancy in results. In determin- 
ing dormancy, Burke inoculated approximately single, unwashed, 
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unheated spores, or rather growth from an agar surface of suffi- 
cient age to insure the presence of spores, into standard 1.5 per 
cent deep nutrient agar containing 0.5 per cent glucose. With 
B. megatherium and strain I of the milk organism, however, there 
were marked and variable periods of dormancy in the plain soft 
(0.5 per cent) agar medium employed in the present work, as 
shown in tables 6 B and 7. 

In discussing the factors contributing to, or determining, dor- 
mancy under experimental conditions, it will be perhaps more 
convenient to present the additional observations and comments 
under headings denoting the principal factors thought to be of 
significance: 

a. Consistency of the medium. Preliminary tests with the B. 
subtilis strain employed here showed that deep tubes of standard 
agar, such as those used by Burke, do not supply ‘‘conditions 
favorable for growth,” as evidenced by the fact that development 
is slow and the colonies extremely small. In deep tubes of the 
soft agar medium, on the other hand, colonies developed to a 
maximum size of 6 mm. in diameter in the same or shorter periods 
of time. While it was the writers’ belief that deep agar culture 
in any form is not favorable for the germination of aerobic spores, 
the convenience of the method and the fact that B. subtilis grew 
well in the soft agar led to its adoption for want of a better 
method, particularly a surface cultivation method. 

In the course of the work it was observed that cells developing 
from the inoculated spores were capable of motility in the 0.5 
per cent agar. It is obvious that such a condition would permit 
the cells of the developing colonies to utilize the nutrient material 
present in a considerable area surrounding the original loci of 
development. Furthermore, it is conceivable that, although 
spores imprisoned in 1.5 per cent solid agar may germinate, the 
subsequent growth may be checked or even inhibited due to the 
accumulation of metabolic products or to a mere mechanical 
obstruction to the free movement of the cells. Mechanical and 
physical factors such as density of the medium, surface tension. 
osmotic pressure and oxygen penetration, then, must be taken 
into account as serious objections to the deep agar culture method 
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of determining dormancy, particularly if solid agar of standard 
composition be used. In substantiation of this point it should 
be said that spores of strain I of the milk organism, for example, 
develop promptly on the surface of plain agar while, as seen in 
the results in table 7, the first sub-surface colonies to appear in 
the deep 0.5 per cent plain agar did so only after 21 days. 

b. Oxygen tension. An observation was made that suggests a 
further explanation of the occurrence of dormancy under condi- 
tions of deep agar culture; namely, that with every organism 
tested the cells invariably moved through the soft agar from the 
original loci of development toward the surface of the medium. 
In all cases, however, initial colonies developed at the points of 
germination of the spores. These were usually fluffy or of ‘‘puff 
ball” appearance and on continued incubation tended to diffuse 
through the medium. It was frequently observed that from a 
more or less dense initial locus the colony would spread out 
radially in the direction of the surface of the medium but never 
toward the bottom of the tube. It was also noted in a few in- 
stances in which there were several colonies distributed throughout 
a single tube that the colonies were increasingly larger as the sur- 
face of the medium was approached, those nearest the top being 
many times the size of those at the bottom of the tube. The 
natural conclusion from these observations is that environmental 
conditions in the deep agar are unfavorable to aerobic bacteria, 
due to decreased oxygen accessibility. This factor alone may 
determine, or at least contribute to, dormancy of spores, although 
it was apparently not operative in the case of B. subtilis, which 
showed no delayed germination. It should be said, however, 
that the strain of B. subtilis used was capable of germination and 
growth under essentially anaerobic conditions. 

c. Enzymic function. Ina previous communication (1930) the 
writers have shown that the milk organism produces an active 
substance that is capable of bringing about marked changes ip 
milk, probably a caseolytic enzyme, and the hypothesis was 
advanced that this enzyme may aid in, and perhaps account for, 
the prompt germination of spores of this organism in milk, even 
after severe heating. On the basis of the assumption that spore 
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germination may be facilitated by enzyme secretion, another 
factor contributing to the dormancy of aerobic spores in deep 
agar culture may be cited. Effront (1917) has shown that B. 
mesentericus, when cultivated on large surfaces, produces twenty 
times as much protease as when grown below the surface. This 
suggests of course that the enzymic function of this organism is 
dependent upon oxygen accessibility. Since protein metabolism 
is probably of great importance during the process of germination, 
the function of the proteases alone may determine the dormancy 
of spores in some instances. 

d. Single spore inoculum. There has been considerable contro- 
versy on the question of the mutual accelerative action of organ- 
isms in freshly seeded cultures. It is the view of numerous 
workers that such an action is accountable for prompt growth in 
a new environment, and that the inevitable result of dilution and 
isolation of the cells islag. Sherman and Albus (1924), however, 
in answer to the question “Is there an allelocatalytic effect in the 
growth of bacterial cultures?” take the stand that the rate of 
growth of a culture is constant regardless of the size of the 
inoculum. 

Another view is that growth ensues more rapidly in cultures 
started from large inoculums due to the fact that they contain 
assortments of individuals, some of which are more vigorous 
or capable of adaptation to new environmental conditions than 
others. That this view does not necessarily apply to spore inocu- 
lums is shown in the present experiments with single spores of 
B. subtilis, the individual spores of which developed as rapidly as 
did larger spore seedings. The work of Barber (1920) adds weight 
to this contention; in using the single cell isolation technic, he 
found that spores of B. subtilis gave 100 per cent positive cultures, 
and that the spores developed promptly even when transferred to 
glucose broth medium covered with oil or vaseline to provide 
anaerobic conditions. It may be concluded, then, that the isola- 
tion of the individual spores is unimportant as a factor contribut- 
ing to dormancy, at least with the organisms investigated here. 

e. Nutrient value of the culture medium. The effect on germina- 
tion of the nutrient value of the culture medium has been already 
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discussed to some extent. With washed unheated spores of a 
number of organisms it has been shown that very definite retarda- 
tion or acceleration of germination may occur, depending upon 
the kind of nutrient material that is present in the medium. The 
experiments on the dormancy of single washed unheated spores 
further emphasize the importance of adequate nutritional stimuli 
in spore germination. The fact that with some organisms the 
extent of dormancy is graduated in different mediums in which 
the spores of other organisms develop rapidly and equally well 
indicates that there are definite nutritional requirements for 
different organisms, and that the lack of these readily causes, or 
contributes to, dormancy. 


SUMMARY 


Bacterial spore dormancy and germination have been investi- 
gated in relation to environmental factors. 

Because of the marked variability of germination, depending 
upon the stimuli supplied in the environment, the deduction is 
made that bacterial spores in the process of germination are 
vitally active bodies having requirements for metabolic function 
which are the same as or more exacting and specific than those of 
the vegetative cells. 

Experimental evidence is presented to show that the dormancy 
of aerobic bacterial spores is largely, if not entirely, determined 
by conditions in the environment of the spores, and that these 
factors must be taken into consideration, perhaps specifically for 
each species, before so-called “‘inherent”’ or ‘‘normal’’ dormancy of 
bacterial spores can be established. 
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Bacillus necrophorus is an important organism in animal dis- 
ease since it produces severe septic processes in a number of 
domestic animals. The organism is widely distributed and is 
responsible for considerable losses. It may invade almost any 
tissue and is associated with various necrotic foci, as in calf 
diphtheria, necrotic ulcers of the intestine in hog cholera, foot-rot 
of sheep and cattle, grease heel or necrotic scratches of horses, 
lip and leg ulceration of sheep, gangrenous dermatitis of horses, 
metastatic necrosis of liver and lungs of cattle and swine, necrotic 
stomatitis of calves, lambs and pigs. 

A few human cases of infection with a similar organism have 
been reported. These are referred to by Harris and Brown (1927) 
who isolated from cases of puerperal infection in women cultures 
closely resembling B. necrophorus and designated by them Act. 
pseudo-necrophorus. 

Because of the wide distribution of necrophorus bacilli and the 
fact that they produce disease in such a variety of animals it 
seemed worth while to find out as much as possible about strains 
from different sources. This work has been started with a group 
of 10 cultures isolated from cows, studies of which are reported 
in this paper. They include 7 strains isolated from liver ab- 
scesses, 1 from a spleen abscess, 1 from a lung, and the last from 
an abscess in the omentum. 

Isolations were made in two ways, either directly through cul- 
tures or by passage through a rabbit. If a stained preparation of 
the original material showed a predominance of necrophorus 
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bacilli, then the isolation was made directly through cultures. 
Since the organism grows well on ordinary media plus a little 
serum, to isolate a pure culture a suspension of the original 
material in bouillon was inoculated into serum agar shake cul- 
tures. Colonies appeared usually in two days. The column of 
agar was then forced out of the tube into a sterile petri dish by 
inserting a capillary pipette to the bottom of the tube and exerting 
pressure on the bulb. Individual colonies could then be picked 
from the agar and inoculated into serum bouillon for further study. 

If the original material showed other bacteria present in any 
considerable numbers, then a suspension of this material in 
bouillon was inoculated subcutaneously into a rabbit. Usually 
the contaminating bacteria disappeared or decreased in numbers 
while B. necrophorus multiplied and produced an infection. 
From the necrotic tissue or serous fluid or often from the heart 
blood of the rabbit pure cultures were obtained. However, to 
establish a pure strain the rabbit material was inoculated into 
serum agar shake cultures and separate colonies picked from these 
tubes as described. In the study of these pure cultures anaerobic 
conditions were maintained by using a vaseline seal on the tubes 
of media. 

The experimental work with these strains consists of (a) morpho- 
logical studies including tests for the existence of spores by stain- 
ing methods and by testing the resistance of cultures to heat, 
drying and exposure to air; (b) cultural reactions in various media 
and fermentation results; (c) certain serological reactions includ- 
ing agglutination and agglutinin absorption studies; and finally 
(4) some observations on the pathogenicity of the cultures. 


MORPHOLOGY 


Morphologically the present series of bovine strains agree in 
general with the descriptions of B. necrophorus in the literature 
(see bibliography). B. necrophorus is a plemorphic organism 
varying from coccoid forms to filaments 100u long. All the 
present strains show these variable forms. One strain differs 
somewhat from the others by the appearance of the short rod 
forms sometimes joined together in chains. Young cultures 
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show chiefly long rods and filaments while older cultures contain 
mostly shorter rod forms of varying length. The rods are non- 
motile and negative to Gram’s stain. Some elements are evenly 
stained but often distinctly beaded forms are seen. Sometimes 
a rod or filament shows a swollen or thickened area appearing 
either as a short round swelling near the center of the rod or as an 
elongated thickening toward one end. Beaded forms are charac- 
teristic and are clearly shown in preparations stained with carbol 
fuchsin. Such filaments show clear or faintly stained spots 
alternating with deeply stained portions. The unstained areas 
and those which stain may be of equal size although variation in 
size is not uncommon. Mohler and Morse (1904) have described 
in detail these various types of beaded forms. 

The general appearance of the clear, unstained spots in the rods 
suggests spores. The question of spore formation is important 
since this organism is a strict anaerobe and the presence of spores 
would readily explain its survival outside the body for long periods 
and thus help to explain its frequency in animal infections. How- 
ever, all descriptions in the literature state that B. necrophorus 
cultures contain no spores. Most authors mention the occurrence 
of beaded forms as characteristic for this organism but do not 
connect this appearance with spores. Mohler and Morse, how- 
ever, mention that the unstained spaces in the filaments were first 
thought to be spores but that spore staining methods did not 
change their appearance. 

In the present study the unstained areas, although they sug- 
gested spores in general appearance, were considered to differ 
from true spores on account of the variation in their size and 
arrangement in the rods or filaments. It was also found that they 
failed to stain by methods employed for staining spores. Another 
point indicating lack of agreement between spores and the 
unstained spaces in the filaments is the fact that the rods of the 
older cultures, where one would expect to find spores, show fewer 
beaded forms than the filaments of the young cultures. Mohler 
and Morse also stated that the longer rods and threads particularly 
exhibited the beaded appearance. 

In order to determine the ability of the unstained spaces in the 
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filaments to behave as spores, cultures were tested for resistance 
to exposure to air, drying and heat. The first experiments were 
made to test the effect of exposure to air at room temperature. 
Two strains were tested at the same time, and both a three days’ 
and a two weeks’ old culture were used. ‘The serum bouillon 
cultures were poured into petri dishes so as to form thin layers. 
Subcultures into serum bouillon were made at the start and at 
various intervals. The effect of this exposure to air is given in 
table 1. 

Later, another series of tests was made with older cultures, 
since if spores are formed one would expect to find them in such 


TABLE 1 
Resistance of B. necrophorus cultures to exposure to air 
Cultures poured into petri dishes in thin layers and kept at room temperature. 





3 Days’ SERUM BOUILLON CULTURE 2 WEEKS’ SERUM BOUILLON CULTURE 


OF STRAINS OF STRAINS 
TIME OF EXPOSURE 





D E D E 





Control +* (24 hours) | + (24 hours) | + (2 days) + (2 days) 
(unexposed) 


hours 








4 + (24 hours) | + (2 days) + (3 days) = 
8 + (5 days) + (4 days) + (5 days) - 
11 + (5 days) + (6 days) 
15 - - 
18 - - 
24 _ + (5 days) - _ 
28 - ~ - - 











* + = growth; — = no growth. 


cultures. The results of the test with 9 different strains of three 
weeks’ old serum bouillon cultures are given in table 2. 

The results are variable. For instance, no growth occurred in 
subcultures from Strain D after two hours’ exposure to air, from 
H after four hours, from I after five hours, or from A, C, and E 
after seven hours. Strains B, F, and G still developed growth 
after seven hours’ exposure to air but only after prolonged periods 
of incubation of six to nine days; evidently a good many of the 
original forms had been killed. A third test with a twenty-four 
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hour growth of 4 strains (A, B, C, D) showed in all cases resist- 
ance to exposure to air for 11 hours, but, the longer the culture 
was exposed to air, the later growth appeared in the subcultures. 
The controls inoculated with unexposed culture and tubes from 
the two hours’ exposure developed growth in one to two days, but 
after eight and eleven hours’ exposure to air growth in subcultures 
did not appear until after six to seven days. Comparison between 
young and older cultures shows in every case that the older cul- 
ture was apparently less resistant to exposure to air than younger 
ones. It is clear, that the organism does not behave as a true 
spore-bearer, and it is also apparent that air has a distinctly toxic 
effect. 

The effect of drying at room temperature was next considered. 
The details are given in the second group of experiments. Both 
twenty-four-hour and six-day serum bouillon cultures were 
employed for the tests. The results are given in table 3. 

The strains showed some variation in degree of resistance. 
Among the twenty-four-hour cultures, A showed no resistance to 
drying, while B, C, and D survived the first day. Cand D were 
killed the second day while B remained alive, but this strain gave 
no growth in tests on the fourth and the fifth day. The six-day 
cultures did not resist even one day of drying. Again, the older 
cultures showed less resistance than the younger ones. A 
twenty-four-hour growth of these strains was also mixed with 
sand and spread out in petri dishes to dry. The control tubes 
inoculated with freshly mixed culture and sand gave positive 
growth, but after one and two days of drying a generous inocula- 
tion of the sand into fresh media gave no growth. 

Since spores are not readily destroyed by heat it seemed desirable 
to test the effect of certain temperatures on cultures which had 
the characteristic beaded appearance. The third experiment 
deals with the effect of heat. The tests were made in two ways. 
First a serum bouillon culture under a vaseline seal was heated in 
a water bath at 60°C. and at intervals culture was withdrawn 
and inoculated into fresh serum bouillon. Five strains (A, B, C, 
D, J) were tested. The unheated controls all grew in subcultures. 
Four cultures grew after exposure at 60°C. for one minute, but 
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all failed to grow after heating at 60°C. for three minutes. When 
the test was made by inoculating fresh bouillon tubes, sealing with 
vaseline, then heating and at intervals withdrawing them and 
incubating, the results were similar to those obtained by the first 
method. : 

This apparent sensitiveness of these cultures to heat, drying 
and exposure to air indicates that the clear unstained areas seen 
in the rods and filaments are not true spores. The slight resist- 
ance of B. necrophorus to exposure to air was noted by Hagan 
(1924) who showed that exposure to air of a fluid culture in a thin 
layer caused considerable lag in growth on subculture into cooked 
meat media, but, if the subinoculations were made into bouillon, 
growth seldom occurred after thirty minutes’ exposure to air. 
On the other hand, Albrecht (1928) refers to a report by Fr. Meyer 
who found necrose bacilli resistant to heat and drying. He stated 
that heating at 95°C. for a short time did not necessarily kill the 
bacilli and that they would remain virulent when dried for eigh- 
teen weeks. Albrecht also mentions a report by Hasenkamp 
stating that necrophorus bacilli are sensitive to heat and drying. 
Kelser (1927) found that strains obtained from horses were 
destroyed immediately at 100°C. and in twenty minutes at 65°C. 


CULTURAL CHARACTERS 


The cultural studies of the strains show in general a uniform 


group with slight variations. All strains are strict anaerobes. 


In serum agar shake cultures they always grow 1 to 2 cm. below 
the surface. The colonies are round or biconvex, smooth, even 
and compact. The appearance of the colonies differs from the 
descriptions of others in the literature. Most observers describe 
the colonies as woolly or fuzzy. Kelser (1927) compares the 
colonies in agar shake cultures to small tufts of cotton. In the 
present work, however, all the strains show smooth, even, com- 
pact colonies in agar shake cultures and magnification fails to 
change their appearance. In serum bouillon all grow chiefly as 
a sediment, usually of soft particles or masses gradually settling 
together. In plain bouillon the majority of strains show more 
clouding and a fine sediment, with the exception of two cultures 











ORM TE CCR 


OL A Seems ae ee 





ae 


SS 



































. —e 
(9799"q) — | 99 | * 8+ | 6S} (7199Nq) — | 99 | (71GqGNq) — | 99 0%+ 6¢ f 
(919q9"q) — | 99 | 19+ | 6S | (919GNqQ) — | 99 | (7I1qGGNq) — | #9 ¢ e+ ¢ I 
(9199"q) — | 69 | (7199Nq) — | FO | 2e+ | 6S | (8I1GGNqQ) — | #9 | (9I1GqQNqQ) — | F'9 66+ s¢| H 
(9199"q) — | 69 | (9199nq) — | FO | 28+ 1/69 | (7199nq) — | Fg] (7I1GQGnq) — | 9-9 ¢'6+ s¢| oO 
(9199"q) — | O'2 | (9199"q) — | 89 | 09+ | 0'9| (9199Nq) — | 89 | (*1GqGnq) — | 99 ¢¢I+ 09] a 
F (979999q) — | OL | (9199"q) — | 99 | 29+] 09] (7199"q) — | 99} (*1GqGNq) — | Og ¢°OI+ s¢| @ 
z (9799"q) — | OL | (9199"q) — | 99 | Of+ | 09] (*1G99Nq) — | 9:9] (91G9qGNq) — | 9g | AIqGqGNq OB1¥] | Og | A 
° (97999q) — | OZ | (7199"q) — | 99 | O'8+ | BS | (7I19GqNq) — | 99} (71GqGNq) — | 9'9 ¢e+ 6¢/ 90 
J (9799"q) — | OZ | (9199"q) — | 9'9 | 2H+/ 09] (1G99"q) — | 99} (819q9Nq) — | 9'9 Let+ oo] @ 
a (91499"q) — | OL | (7199"q) — | 99 | 09+ | B'S | (71G9qGNq) — | gg] (71qGqGNq) — | F'9 Lilt sci V 
So “wo “mo 
: DH Hd Uf Hd seh Hd SU Ha seh) Hd sty Hd 
Nivuie 
IOULNOSD NOTIINOR NIVId IOLINNVA Geol Ivn @so0uo08 as0LoVI gas80001D 


350 


























22 Ha [eurs¢ 


8U01j9D94 UOI]DIUIWLLIY 


9 TIAVL 


‘1e3ns jo yuo sod [ + UOTTINOG 4yeestp uy 








| 


PO GANESH 


STUDY OF BACILLUS NECROPHORUS OBTAINED FROM cows 351 


(B and I) which always grow chiefly as suspended particles and 
sediment. These two cultures also agglutinate spontaneously 
with complete clumping in normal salt solution. The growth in 
digest bouillon seems slightly heavier than in ordinary veal infu- 
sion broth and the addition of glucose increases the growth. 
All cultures produce indol, hemolyze blood corpuscles, coagulate 
milk, and do not liquefy gelatin. Two strains (A and B) were 
inoculated into a series of fermented bouillon tubes of different 
pH values. The results in these cases indicated that the limiting 
H-ion concentrations within which growth could occur were pH 
6.0 to 8.4. Gas is produced in most media, in serum bouillon, 
serum agar shake cultures, and to a considerable degree in cooked 
meat media. Sometimes a bubble of gas is formed in plain in- 
fusion bouillon and a large bubble always appears in plain digest 
bouillon. Two strains which have been tested for H,O, forma- 
tion when exposed to air gave positive results. 

These bovine strains as judged by fermentation reactions in 
various carbohydrates form a fairly uniform group. The com- 
plete seriesof tests were made in digest bouillon to which 
sufficient carbohydrate had been added to make a 1 per cent 
solution. A few strains were also tested in fermented bouillon. 
The fermentation results are given in table 4. 

Glucose and maltose were fermented with both acid and gas 
production with the exception of Strain D which formed very 
little gas in glucose. The pH in all the other sugar tubes was 
slightly decreased and no more gas production occurred than that 
observed when plain bouillon tubes were inoculated. The com- 
parison of digest and fermented bouillon showed practically no 
difference in the final pH values but there was little gas produc- 
tion in the tubes of fermented bouillon + glucose. 


SEROLOGICAL REACTIONS 


The group, then, appeared from a morphological and cultural 
point of view as relatively homogeneous and, as will be shown 
later, the strains possessed certain pathogenic properties in 
common. It seemed of interest to determine whether or not the 
group was a compact one immunologically as judged by common 
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agglutination affinities. With this in view a number of rabbits 
were immunized with various cultures. In most cases the treat- 
ment consisted of a series of injections given subcutaneously and 
intraperitoneally with a whole bouillon culture three days to a 
week old, which had been killed either by heating at 60°C. for 
one-half hour or by exposing to air for at least one day. The 
injections were made at intervals of three to five days and the 
doses increased gradually from 0.5 to 2 cc. Bleedings were made 
seven to eleven days after the last injection. Antiserum A used 
in the tests recorded in table 5 was obtained from a rabbit treated 
only with intravenous injections of culture filtrate from bouillon 
or of cooked meat media cultures nine to nineteen days old. 
Other lots of A serum from rabbits treated in the usual way with 
subcutaneous and intraperitoneal injections of killed whole bouillon 
cultures behaved in a similar manner. The other three sera 
(B, F, J) were also from rabbits injected subcutaneously and 
intraperitoneally with killed whole bouillon cultures. The sera 
prepared with the four different strains were tested for agglutinins 
against all the cultures. The results are given in table 5. Since 
some strains agglutinate spontaneously in normal (0.85 per cent) 
salt solution, the final dilutions were made in 0.1 per cent salt 
solution and a glucose digest bouillon growth was used as antigen. 

The A antiserum agglutinates all strains at significant titers 
except Culture B. B antiserum, however, is relatively specific 
for B, while F antiserum agglutinates to a certain extent 7 of the 
strains and fails completely to agglutinate 2 cultures (C and E). 
The J serum agglutinates strongly only one culture (B) besides 
the homologous strain. It was noted that J and B, which agglut- 
inate most poorly with A antiserum, agglutinate best with J anti- 
serum, while others agglutinating well with A are not greatly 
affected by J. 

According to the agglutination results, A seems to be an impor- 
tant strain since it is the only one among those used for producing 
antisera which stimulated the production of agglutinins for all 
strains. This result suggests that A antiserum possesses distinct 
agglutinins for all cultures. To test this, a complete series of 
agglutinin absorption tests were made between this antiserum and 
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each culture. Agglutinin absorption tests were also carried out 
with the other sera and a certain number of strains to see what 
other relationships could be established. The absorption was 
made in 1:10 dilutions of the serum in 0.2 per cent salt solution. 
Sediment obtained from centrifuging glucose digest bouillon 
cultures was added to the serum dilutions and the mixture 
incubated for 2 hours and then refrigerated. The next day, after 
centrifuging, agglutination tests were made with the absorbed 
serum. Some results of the absorption experiments with each 
serum are found in table 6. 

The results of the complete absorption series with A antiserum 
indicate that A is a complex strain antigenically. It is apparently 
able to produce agglutinins for each strain, which in most cases 
can be removed only by absorption with A or with the particular 
strain under consideration. For instance, absorption by A takes 
out agglutinins for all strains. Strain G is apparently the next 
most complex culture antigenically, since absorption with this 
culture reduces to a considerable extent agglutinins for all strains 
except A and F and these are probably slightly reduced. Strains 
D,' F, H, and J each remove from A antiserum chiefly agglutinins 
for themselves and leave agglutinins reacting with the other 
strains, although absorption by D causes a very slight reduction 
of agglutinins for a number of strains and the agglutinins for J 
are often decreased somewhat by absorption with other cultures. 
Strains C and E behave alike, in that each absorbs agglutinins 
for the other as well as for itself, and both leave agglutinins react- 
ing with all other strains. This similar behavior of C and E 
agrees with their similarity in failing to agglutinate in the B and 
F antisera (table 5). Altogether these absorption results indicate 
that the power of the A antiserum to agglutinate all strains is 
apparently not due to some common group agglutinin, since, in 
general, the different strains fail to remove agglutinin for each 
other. On the other hand they suggest that the A antiserum 
possesses distinct agglutinins for each strain, since absorption by 
one heterologous strain removes chiefly agglutinins reacting with 
that particular strain and does not take out agglutinins for other 
heterologous strains except in special instances. 
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In the case of the other sera the absorption tests, as far as 
carried out, show that absorption by the homologous culture 
removes specific agglutinins, while absorption by heterologous 
strains, although removing agglutinins for the absorbing strain, 
fails to absorb the specific agglutinins (table 6). Thus, at least 
in the case of the four strains used to produce these antisera, each 
one shows strong specific agglutinin production. Also, by the 
absorption experiments, A was found to possess complex antigenic 
properties. 


PATHOGENICITY OF B. NECROPHORUS FOR LABORATORY ANIMALS 


These bovine strains of B. necrophorus are pathogenic for 
rabbits. One cubic centimeter of a bouillon culture injected 
subcutaneously usually produces a spreading necrosis of the sub- 
cutaneous tissues. The area becomes edematous and necrotic 
and the rabbits die in four to ten days. Strain B differs from the 
others in not causing death but only producing an abscess at the 
point of inoculation which heals after a number of weeks. Strain 
A which has been kept in the laboratory for about three and one- 
half years is still as virulent as when first isolated. This strain 
has been tested on mice and guinea pigs. A subcutaneous inocu- 
lation of 0.1 or 0.2 ec. of a bouillon culture into mice caused a 
spreading necrosis and the mice died in eleven to twenty-five 
days. The culture had less effect on guinea pigs, at most produc- 
ing an abscess which healed after two to three weeks. 

In addition to living cultures, culture filtrates have been tested. 
In mice, | ce. of filtrate injected intraperitoneally produced illness 
and sometimes death. In rabbits, 4 cc. of filtrate injected intra- 
venously produced illness and frequently death within a few 
hours (11 out of 17 cases). If the rabbits survived they showed 
considerable loss in weight within twenty-four hours, for instance, 
from 70 to as much as 235 grams or from 5 to 12 per cent of their 
body weight, and sometimes the loss in weight continued for two 
or three days following the administration. Smaller doses of 
filtrate (2 cc.), intravenously injected, regularly made the rabbits 
sick for a number of hours and caused a definite loss in weight. 
Since similar doses of bouillon had little or no effect on rabbits, 
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* this action of culture filtrates is apparently due to some toxic 
substance from the culture. 


DISCUSSION 


This bovine group of necrophorus cultures show similar mor- 
phological appearances. The characteristic beaded forms occur- 
ring in all strains are due to unstained areas in the filaments which 
give the appearance of spores. However, these are not considered 
to be true spores since they are not affected by spore stains and 
the cultures containing them are readily killed by heat, drying 
and exposure to air. Furthermore, these beaded forms are more 
numerous in young cultures than in old ones and the clear areas 
vary in size and arrangement in the rods. Thus the unstained 
areas differ from spores in every respect except their failure to 
stain. There is no good reason why they may not be regarded as 
vacuoles occurring in the rapidly growing filaments. 

These bovine strains in general represent a uniform group in 
regard to their behavior in various culture media and in fermenta- 
tion reactions. As to pathogenicity, the strains exhibit similar 
properties with the exception of one which is much less virulent 
than the others. 

When considered from an immunological standpoint, sharp 
differences appear. Although Culture A produced agglutinins 
reacting with all strains (table 5) yet absorption of the serum 
with heterologous strains failed to remove the agglutinins reacting 
with Strain A (table 6); and, moreover, each heterologous strain 
in general absorbed only agglutinins for itself and left agglutinins 
reacting with other cultures, indicating that A is a complex strain 
antigenically which apparently produces a number of distinct 
agglutinins. The three sera produced by immunization with 
other cultures showed further differences by agglutinating indi- 
vidual strains to varying degrees. All antisera behave alike, 
however, in retaining the homologous agglutinins after absorption 
with heterologous strains. Apparently each strain shows an 
homologous specificity in agglutinin production and may or may 
not develop agglutinins reacting with other strains. 
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SUMMARY 


Ten strains of B. necrophorus isolated from cows have been 
described. They are similar in morphology, in most cultural 
reactions, and in pathogenicity for rabbits with the exception of 
one strain. When compared serologically by agglutination 
reactions certain differences were readily apparent, since immune 
sera prepared with four different strains allowed varying degrees 
of cross agglutination and apparently no cross absorption of 
specific agglutinins. Each immunizing strain apparently produces 
specific agglutinins since they are not absorbed by any other 
culture. Also, as found in the case of the A culture, a strain may 
stimulate the production of distinct heterologous agglutinins. 
The fluffy type of colonies usually found by other workers has not 
been observed in these cultures, which in all cases form smooth, 
even, compact colonies in serum agar shake cultures. 
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The albino rat is susceptible to a chronic and frequently fatal 
pulmonary disease. It is important for investigators, particularly 
in tuberculosis, to recognize this condition because the lesions may 
be readily confused with those of experimental tuberculosis. 

The early stage of spontaneous pulmonary disease produces no 
observable change in the appearance or activity of the animals. 
There are snuffles, dyspnea and torpor in the advanced stage, and 
the presence of the pulmonary lesions at this time can be demon- 
strated by the x-ray. 


GROSS PATHOLOGY 


Abscess formation is the characteristic feature of the disease. 
The lungs usually present single or multiple small abscesses, dis- 
tributed throughout one or several lobes. If the disease is con- 
fined to one lobe, it is generally the lower one. The abscesses may 
coalesce and ultimately destroy the normal lung tissue of one or 
more lobes. They contain soft, partly inspissated, thick, gray or 
greenish-gray pus. In some instances, the arrangement of smaller 
abscesses about a terminal bronchus simulates bronchiectasis. 
Fibrous adhesions, parietal and interlobar, were common. Em- 
pyema was not observed. The tracheo-bronchial lymph nodes 
were enlarged but not caseous. 

Microscopically, the central portion of the lesions was devoid 
of cellular structure. Surrounding this was a zone of varying 
width composed largely of polymorphonuclear leueocytes. Out- 
side the polymorph zone the lymphocytes and monocytes faded off 
into the normal pulmonary tissue. 
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The older and larger lesions showed a large caseous central 
area surrounded by a dense fibrous capsule. 


BACTERIOLOGY 


We obtained on culture a Gram-negative, motile, aerobic bacil- 
lus, and a Gram-positive, anaerobic coccus from each of sixteen 
animals.' In most instances the cocci and bacilli were identified 
in smears made directly from the abscess. The bacillus grew well 
when smeared on blood agar plates and incubated aerobically, 
but the simplest and most effective procedure was to incubate a 
piece of the diseased lung tissue in meat infusion broth covered 
with an albolene seal. Both the cocci and the bacilli grow readily 
in this broth. After forty-eight hours’ incubation, a number of 
blood agar plates were streaked from the broth, and plates in- 
cubated, aerobically for the bacillus and anerobically for the 
coccus. Pure cultures were easily obtained by proper selection 
of colonies and replating. In this series two types of Gram- 
negative, aerobic, motile bacilli were found. The first type pro- 
duced on blood-agar a fine, opaque, raised, non hemolytic colony. 





Fig. 1. RoENTGENOGRAM OF THE LUNGS OF AN OLD ALBINO Rat, SHOWING 
SponTaNgeous DISEASE 
Fic. 2. PHoTOMICROGRAPH OF A SMEAR MADE FROM THE Pus oF a LUNG ABSCESS 
SHow1nG Fustrorm Baciiur (Fontana Stain) 
Fig. 3. PHoroMicroGRAPH OF SMEAR MADE FROM A PurRE CULTURE OF THE Coccus 
(Gram Strain) 
Fic. 4. RoENTGENOGRAM OF THE LuNGs oF AN ALBINO Rat, SHOWING THE 
Disease Propucep By A Mixture or Pure CULTURES OF 
THE Coccus AND THE Type 2 BaciLLus 
Fic. 5. PHoToMICROGRAPH OF A SMEAR MADE FROM A PurE CULTURE OF THE TYPE 
2 Bacttitus (Gram Strain) 

Fig. 6. PHoToMIcROGRAPH OF A PaTHOLOGICAL SecTion, SHow1nG ULCERATION 
OF THE BRONCHIAL WALL SECONDARY TO AN EXPERIMENTAL 
Stnusitis (HEMATOXYLIN AND Eostn) 

Fic. 7. PHOTOMICROGRAPH OF A PATHOLOGICAL SECTION, SHOWING THE WALL OF A 
Putmonary Apscess Propucep BY INTRATRACHEAL INJECTION OF A 
MIXTURE OF THE CoccUs AND THE Type 2 BacILLus 
(HEMATOXYLIN AND Eos1n) 





! Sixteen albino rats with spontaneous pulmonary disease were obtained from 
the following sources: Four from Dr. H. C. Sherman’s laboratory at Columbia 
University; two from a dealer in Philadelphia; two from Dr. E. V. McCollum’s 
laboratory in Baltimore; and the remaining eight from our own stock. 
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Morphologically, this organism is a slender rod, 1.5 to 2y in 
length containing polar granules. It is motile and Gram-negative. 
No liquefaction of gelatin, no acid formation or coagulation of 
litmus, milk, no formation of indol, and no reduction of nitrates 
was obtained. It does not produce acid or gas in carbohydrate 
media. 

A moderate brownish growth is obtained on potato. Turbid- 
ity is readily produced in meat infusion broth. This bacillus con- 
forms to the characteristics of B. bronchisepticus, which was first 
described by Ferry (Bergey, 1930, p. 365). Dr. Ruth Gilbert of 
the New York State Department of Health found that the or- 
ganism was agglutinated in high dilution by a serum made from 
a strain of B. bronchisepticus isolated from a rabbit. This bacil- 
lus, associated with the anaerobic coccus, was obtained in 2 of the 
16 rats in this series. 

From the remaining fourteen rats we recovered a bacillus which 
produced on aerobic blood-agar plates a medium sized, opaque, 
raised, non-hemolytic colony, which grew more rapidly than the 
B. bronchisepticus, and at times became confluent and covered 
the entire surface of the plate. Morphologically it was a short, 
plump rod, 0.5 to 1 in length, and contained polar granules (fig. 
5). It was motile and Gram-negative. There was no lique- 
faction of gelatin, no acid or coagulation in litmus milk. Indol 
was formed and nitrates were reduced. Acid and gas were formed 
in the following carbohydrates: mannitol, lactose, galactose, 
inulin, dulcitol, xylose, raffinose, levulose, maltose, sucrose, glu- 
cose, and dextrin. It gave a fairly luxurious, brownish growth on 
potato. Turbidity was produced in meat infusion broth unac- 
companied by an odor. Aerobacter cloacae (Bergey et al.) 
(Bacillus cloacae, Jordan) (Bergey, 1930, p. 333) corresponds 
to the characteristics of this bacillus except in the appearance of its 
colonies and in its fecal odor. Hereafter, this organism will be 
referred to as Bacillus Type 2. 

From all sixteen of these animals we cultivated a coccus. 
The coccus when grown on an anaerobic blood agar plate pro- 
duced a fine, discrete, pearly-white colony afver forty-eight 
hours’ incubation. There was no change in the blood agar be- 
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neath or around the colony. The organism was strongly Gram- 
positive and occurred singly or in pairs and rarely in short chains 
(fig. 3). No liquefaction of gelatin, no growth on potato, no acid 
formation or coagulation in litmus milk and no indol production 
was found. The organism reduced nitrate to nitrites, and gave 
a scant growth in meat infusion broth. It produced acid but no 
gas in mannitol, lactose, galactose, inulin, levulose, maltose, 
sucrose, glucose and dextrin. 

It was observed that after several generations of anaerobic 
cultivation, the coccus would grow aerobically, and produce a 
rather luxurious growth similar to Staphylococcus albus. How- 
ever, when re-inoculated into animals and cultivated again, it 
reverted to its original anaerobic characteristics. 


REPRODUCTION OF THE DISEASE 


Attempts were made to reproduce the disease by the following 
methods: (1) Intratracheal injection of pus taken directly from 
an abscess. (2) Intratracheal injection of pus from the nasal 
sinus of a rat suffering from “snuffles.” (3) Intratracheal in- 
jection of a pure culture of the bacillus. (4) Intratracheal 
injection of a pure culture of the coccus. (5) Intratracheal in- 
jection of a mixture of the bacillus and coccus. 

1. We made an emulsion in saline of some of the pus obtained 
from the first abscess studied, and then injected 0.2 to 0.4 cc. of 
this material into the trachea of each of five young rats. Smears 
and cultures from this material showed that it contained an 
anaerobic coccus and a Gram-negative aerobic bacillus (Type 2). 
One rat died after twenty-four hours and the necropsy revealed 
that the entire lung on one side was consolidated and red. The 
same coccus and bacillus were recovered from the lungs. After 
forty-eight hours another animal died of pneumonia, and the 
culture yielded the same combination of organisms. The other 
three were killed after two weeks and all had isolated abscesses, 
resembling the original. From all these abscesses, the same or- 
ganisms were recovered. Three other animals were inoculated 
with pus from one of these experimental lesions. At necropsy 
ten days later, two of the three rats presented pulmonary ab- 
scesses, containing the same organisms. 
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2. We attempted to discover if possible, the source of the bac- 
teria producing the pulmonary disease. Smears from the nasal 
sinuses of the rats in nearly every instance showed the same or- 
ganisms found in the lung. Two rats were injected intratrache- 
ally with pus from the infected nasal sinuses. One of the animals 
developed a lung abscess. These observations lead to the hypo- 
thesis that the sinusitis was the primary infection and that the 
pulmonary disease was secondary by aspiration. We induced a 
purulent sinusitis in two normal rats with a mixed culture of the 


TABLE 1 
Iniratracheal injection 





NUMBER 
PNEU- | BRON- NO 
MATERIAL USED — ABSCESS vVonta | curris | @Z4ZEP) aesutr 





Pus direct from lung abscess con- 
taining bacilli and cocci........ § 5 2 0 0 1 
Broth culture of pus from lung 
abscess containing bacilli and 

















cocci and fusiforms............. 3 1 0 0 0 2 
Mixture of pure culture of bacilli 

CES cs. tnnceiwine xmas 17 & 1 1 1 6 
Pure culture of bacillus alone..... 6 0 0 0 0 6 
Pure culture of coccus alone.... ... 6 0 0 0 0 6 
Pus direct from nasal sinus....... 2 1 0 0 0 1 

- ERE > ci Fei eae aera 42 15 3 1 1 22 











anerobic coccus, the Type II bacillus and a fusiform bacillus 
which had been recovered from a previous spontaneous lung ab- 
scess in a rat. One animal died after two days and at necropsy 
the trachea and bronchi were filled with pus and there was ex- 
tensive ulceration of the bronchi (fig. 6). All three organisms 
were identified in smears and sections of the lesion. 

3,4. In order to determine whether either one of the organisms 
isolated was alone capable of producing the disease, 0.5 cc. of a 
heavy saline emulsion of a pure culture of the Type 2 bacillus was 
injected intratracheally into each of 6 rats; and a similar amount 
of a pure culture of the coccus in the same manner was injected 
into another 6 rats. No disease was present at necropsy after 
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ten days in either series, with the single exception of an animal 
receiving a supposedly pure culture of the bacillus. In this in- 
stance smears and cultures revealed both a bacillus and a coccus. 

5. Seventeen young rats, which showed no Roentgenographic 
evidence of lung disease, were inoculated intratracheally with a 
mixture of the anerobic coccus and Type 2 bacillus. Two ani- 
mals were killed nine days later. Pneumonia was present in one 
and a purulent bronchitis in the other. The other fifteen rats 
were killed about three weeks later; in eight, acute pulmonary 
abscesses of varying sizes, which were observed in their gross and 
microscopical appearance were identical with those occuring spon- 
taneously (fig. 7). One had a lesion at the base which had healed 
by fibrosis. Six showed no pulmonary disease (table 1). 

Thirty mice were used to determine the relative pathogenicity 
of the coccus and the bacillus. We injected 0.25 cc. of a pure 
culture of the coccus into the groin of ten mice and 0.25 cc. of a 
pure culture of the bacillus into ten mice and a similar amount 
of a mixture of the coccus and inacillus into ten others. The ani- 
mals receiving the pure culture of the coccus or the bacillus showed 
a temporary swelling in the groin which usually resolved within a 
week. The animals receiving the mixture showed a much larger 
lesion, from which the animal either died or presented at necropsy 
a chronic abscess. In only one case did the disease caused by the 
mixture, resolve itself. 


RELATION OF SPONTANEOUS DISEASE TO EXPERIMENTAL 
TUBERCULOSIS 


We inoculated ten rats in the groin and five rats intraperi- 
toneally with bovine tubercle bacilli (B I culture Saranac Lake). 
Two of the first series and one of the second showed at necropsy 
thirteen months later a pulmonary disease in which tubercle 
bacilli were present. Pus from these lesions inoculated into a 
guinea pig produced tuberculosis. Sections made from the lungs 
of the rats showed giant cells containing large numbers of tubercle 
bacilli. However, cultures from the lesions also showed the 
presence of an anaerobic coccus and the Type 2 bacillus in addition 
to the tubercle bacilli. Five other animals, three of which re- 
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ceived injection of tubercle bacilli in the groin and two in the 
peritoneum, developed a pulmonary disease which contained only 
the spontaneous abscess organism. In no cases were the tubercle 
bacilli found alone. 

Subsequent experiments on a strain of rats obtained from the 
original Wistar Institute stock have shown the presence of spon- 
taneous lung disease containing the coccus and Type 2 bacillus. 
Fifteen of these rats were inoculated in the groin with bovine 
tubercle bacilli and given for three months the diet used by Grant 
(1926). At necropsy, five rats showed pulmonary lesions from 
which the coccus and Type 2 bacillus were recovered as well as 
the tubercle bacillus; four showed only the coccus and Type 2 
bacillus; the remaining six were normal. 

Lange (1925) in studying the effects of diets upon experimental 
tuberculosis, mentioned the prevalence of lung abscess and bron- 
chiectasis in the albino rats used. Smith (1924 and 1926) and 
Grant (1926) have reported experiments on albino rats inoculated 
in the groin with tubercle bacilli and given a diet deficient in 
vitamins for a period of six months to one year. At necropsy, 
pulmonary disease in which the tubercle baci!l* could be demon- 
strated was found to exist. They did not.  .ion the presence 
of spontaneous, non-tuberculous lung abscess existing simul- 
taneously with the tuberculous lesion. 

Our results indicate that when albino rats are used for experi- 
ments in pulmonary tuberculosis spontaneous disease should 
always be considered. 


DISCUSSION 


The literature dealing with spontaneous lung abscess in the rat 
is rather meagre. Klein (1903) described a Gram-positive bacil- 
lus in two cases of rat pneumonia in 1903. This organism he 
named Bacillus Muris. Mitchell (1912) in 1912 found the same 
organisms in an outbreak of pneumonia in albino rats. Tunni- 
cliff (1916) reported a Gram-negative streptothrix in 20 rats in 
1916. In 1919 Hoskins and Stout (1919-20) obtained B. bron- 
chisepticus from the upper respiratory tract and the lungs of rats 
suffering from respiratory disease. Jones (1922) described an 
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organism resembling Bacillus actinoides which he isolated from the 
lungs of 11 rats. He also found B. bronchisepticus in a few cases 
and in still others cocci were found. 

MeCordock and Congdon (1924-25) noted a small, Gram- 
negative motile bacillus in the pus found in otitis media in the 
albino rat, the descriptions, so far as given, corresponding to the 
Type 2 bacillus. Meyer and Batchelder (1926) studied a disease, 
pasteurellosis, in wild rats previously observed by Jonescu (1922) 
in three albino rats. A Gram-negative, bipolar, non-motile or- 
ganism was described, which was virulent for rats only when in- 
jected in combination with streptococci. 

In our animals (16) we found an anaerobic coccus in every case. 
In two instances it was associated with B. bronchisepticus; in 10 
other animals, the coccus was associated with an unidentified 
bacillus called in this paper Type 2. In two animals, which had 
received thirteen months previously an injection of bovine tu- 
bercle bacilli in the groin, we found the coccus and the Type 2 
bacillus as well as the tubercle bacillus. In one other case we 
found the coccus, the Type 2 bacillus and a fusiform bacilllus 
present both in the nose and in pulmonary lesions and in still an- 
other rat, the coccus, the Type 2 bacillus, the tubercle bacillus 
and the fusiform were present. 

It is obvious from our work and the review of the literature 
that there is no one common etiological agent in the lung disease 
of the albino rat. Apparently certain stocks of rats have one 
group of organisms and others have different types. 

It is also apparent that the presence of tubercle bacilli in the 
lungs after a previous inoculation in the groin or the peritoneum 
is not proof that the pulmonary disease is primarily tuberculosis, 
unless cultures are made to eliminate the possibility of the pres- 
ence of other organisms commonly found in pulmonary disease 
in albino rats. 


CONCLUSIONS 
1. A number of different types of organisms are capable of pro- 
ducing pulmonary infections in the albino rat, such as Bacillus 
actinoides, Bacillus bronchisepticus, Bacillus muris, and a strepto- 
thrix. 
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2. In a group of sixteen rats we studied there were present (1) 
an unidentified anaerobic coccus, in all cases; (2) an unidentified 
aerobic Gram-negative bacillus in fourteen cases associated with 
the coccus; (3) in two cases Bacillus bronchisepticus was associated 
with the coccus; and in two others (4) a large fusiform bacillus 
was also present, which morphologically was identical with the 
Vincent’s fusiform found frequently in the lung abscesses in man. 

3. A symbiosis of the unidentified coccus and the unidentified 
bacillus was demonstrated by our failure to reproduce the disease 
by inoculation of pure cultures of either, while the combined pure 
cultures produced a lesion identical with the spontaneous disease. 

4. In experiments with tubercle bacilli in albino rats, care 
should be taken to exclude the possibility of the presence of a co- 
or pre-existing spontaneous lung disease in which the tubercle 
bacillus may become implanted. 
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The most interesting work of recent years on Bacillus influenzae 
has dealt with its growth requirements. A number of investi- 
gators (Davis, 1921 a and b; Fildes, 1921; Rivers and Poole, 
1921; Thjétta and Avery, 1920-1921) have definitely shown that 
two distinct accessory food substances or factors are essential to 
the growth of true influenza bacilli in aerobic culture. Thjétta 
and Avery (1920-1921) designated the two separable factors as 
X and V respectively. Since the recognition and separation of 
the two factors, organisms have been described which require 
only one of the factors for their growth in aerobic culture. 
Rivers (1922, a, b, and ¢) reported that Friedberger’s Bacillus 
hemoglobinophilus-canis requires the X-factor only, and that 
bacilli have been obtained from human cases which require the 
V-factor only. The latter were called Bacillus parainjfluenzae. 
The nature of the X and V factors and their réle in the growth 
of the influenza bacillus has not been made clear. For the most 
part the cultivation of the influenza bacillus has been associ- 
ated with the presence of peroxidase in the medium. Olsen 
(1921) states that media which supported its growth gave a posi- 
tive guaiac or benzidine test for peroxidase. Fildes (1921) be- 
lieves that peroxidase is a dominant factor in the growth of the 
influenza bacillus and appears to be identical with the X-factor. 
The work of Fildes (1924) in which the V-factor organism grew 
in symbiosis with the X-factor organism on ordinary media, indi- 
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cates that those organisms which require for growth one factor 
only in the culture medium, either X or V, synthesize the other 
factor. On this basis it was assumed that, if the X-factor were 
peroxidase, then the V-factor organism which does not require 
for growth the addition of X-factor to the medium would give a 
positive peroxidase test, whereas, the X-factor organism which 
requires the addition of X-factor and the true influenza bacillus 
which requires the addition of both factors to the medium would 
give a negative peroxidase test. After undertaking to establish 
the truth of this hypothesis and obtaining the results of this 
investigation, search of the literature revealed that Valentine and 
Rivers (1927) had found previously that the V-factor organism 
in mass gave a positive peroxidase test. Therefore, this investiga- 
tion is merely an elaboration of the work begun by Rivers. 

Kopp (1927-1928) published a paper on the growth requirements 
of the influenza bacillus in regard to the X and V factors in 
anaerobic culture, Under anaerobic conditions he found that 
the true influenza bacillus does not require the X-factor for 
growth, only the V-factor being essential. His results have 
been corroborated recently by the writer. The growth of the 
influenza bacillus, anaerobically, on peroxidase-free media in the 
form of V-factor agar or broth, afforded a means of determining 
whether the organism produced peroxidase. Previous to Kopp’s 
discovery there was no satisfactory way of testing the bacillus 
for peroxidase production since it was grown on media which 
themselves gave a positive peroxidase reaction. 

In this study eight strains were employed. They included 6 
strains (one of which was hemolytic) of true influenza bacilli, 1 
strain (No. 2) of Bacillus parainfluenzae (V-factor organism) and 
1 strain (No. 8) of Bacillus hemoglobinophilus-canis (X-factor 
organism). None of the strains grew on plain agar aerobically. 
All of the strains grew anaerobically on agar containing V-factor 
alone. The eight strains were grown anaerobically on V-factor 
agar for forty-eight hours at 37°C. and tested for the production 
of peroxidase by the benzidine method. 


1 Journal of Hygiene, in press. 
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Reagent. A large pinch of crystalline benzidine-hydrochloride 
was placed in a test tube with 3 cc. of glacial acetic acid. After 
most of the crystals had dissolved, an equal volume of hydrogen 
peroxide was added. A peroxidase-containing substance in con- 
tact with this milky white reagent turns blue. 


TABLE 1 
The production of peroxidase by true influenza and influenza-like organisms 





| 
FACTORS REQUIRED | 


STRAINS HEMOLYSIS AEROBIC CONDITION 


PEROXIDASE 





X and V 
V 
x 
X and V 
X and V 
X and V 
X and V 
X and V 














TABLE 2 
Production of peroxidase by anaerobes as shown by the benzidine reaction 





PEROXIDASE 


ARABROSES PRODUCTION 





. aerofoetidis 
bellonensis 

. bifermentans 
. botulinus A. 


CONMAR whe 


De By Oe by Sy Dy by Oy by oy by be by 


. vibrion septique 
See IRS Qe Sa esas pa ga ne 








A drop of the reagent was placed on the colonies produced by 
each strain. The true influenza bacilli and Bacillus hemoglobin- 
ophilus-canis gave negative reactions. Bacillus parainfluenzae 
gave a positive reaction, in which the individual colonies turned a 
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solid blue color. The parainfluenza organism exhibited the posi- 
tive reaction for peroxidase on V-factor media both aerobically 
and anaerobically in successive transplants. Table 1 indicates 
the results obtained with each strain. 

Avery and Morgan (1923-1924) found that an iron compound 
which gave the benzidine reaction for peroxidase when added to 


TABLE 3 
The production of peroxidase by aerobes 





PEROXI- 
DASE 
REAC- 
TION 


AEROBES 





Se ae B. subtilus Bye: 
B. ectdi-lactics.............. rere 
Se ND ic ao gc nknen. sad B. typhosus 


B. anthracis . B. zerosis 

B. anthracoides . Br. melitensis.... 
Es ae Or er . M. tetragenus.... 
B. coli-communior. . . Myc. stercusis 
B. coli-communis . Ps. fluorescens 
B. diphtheriae . Sarc. aurantiaca. 
B 

B 


CHONOAR WN 


a OSes eS Se eee 
. Hofmanni 

. lactis aerogenes 

. mallet 
SR cia idb antes casceas 
. mycoides-roseus 

. paratyphosus A.......... 
IDG cise vewded es 
ll eer rer 
. proteus-vulgaris........... 
. pseudotetanicus.......... 
) ME dresses seecses 
. rouge de Kiel 


. Sarc. ventriculi. .. 

. Sp. cholerae............ 

. Sp. Finkler-Prior........... 
. Sp. Metchnikovi........... 
. Sp. tyrogenum. .. 

. Staph. albus.......... 

. Staph. aureus........... 

. Staph. citreus.......... 

. Staph. zymogenes 

2 4 Sa eis 
. Str. liquifaciens 

. B. suisepticus 





Lt+tttt+tt+tt+tt+t++t++t+ 


t+t+tt+tt+t+t++ 














bouillon supported the growth of obligate anaerobes in the pres- 
ence of air through repeated transfers. In view of this fact and 
the results with the influenza bacillus and related organisms which 
suggest that the function of peroxidase is intimately connected 
with the ability of these strains to grow in the presence of air, 
several anaerobes were tested for peroxidase. They were trans- 
ferred to fresh meat tubes and incubated for forty-eight hours at 





PEROXIDASE IN RELATION TO BACTERIAL GROWTH 375 


37°C.; a drop of the meat culture was transferred by a capillary 
pipette to an infusion agar plate and streaked with a platinum 
loop. After seventy-two hours incubation in the anaerobic jar, 
the strains were tested for peroxidase by transferring a loop of the 
plate culture to a drop of the benzidine reagent. Of thirteen 
anaerobes tested, not one gave a positive reaction for peroxidase. 
The results are shown in table 2. 

Since the influenza bacillus has been grown on agar medium in 
symbiosis with certain aerobic organisms it was decided to test a 
representative number of aerobes for the production of peroxidase. 
The tests were carried out in the manner described for anaerobes, 
i.e., a loop of culture, from plain or infusion agar medium, of each 
strain was transferred to a drop of the benzidine reagent. Of 44 
aerobes tested only 4 were negative for peroxidase. Table 3 sum- 
marizes the results. Organisms such as the diphtheria bacillus 
and xerosis bacillus which, from reports of various investigators, 
enable the influenza bacillus to grow well in symbiosis on blood- 
free media were especially rich in peroxidase as revealed by the 
intensity of the color reaction with benzidine. It is of interest to 
note that Williams and others (1914) were unable to obtain the 
growth of influenza strains in the presence of streptococci on 
blood-free media. Table 3 shows the streptococci which were 
examined, negative in regard to peroxidase. The same may have 
been true for Williams’ streptococci which failed to induce growth. 
Thus, the growth of influenza bacilli in association with aerobes 
does not eliminate the need for the presence of peroxidase. 

Thjétta and Avery (1921) stated that banana contains the 
essential growth factors but fails to react positively to benzidine. 
If this is so, then it would be an exception to the rule that peroxi- 
dase is essential to the growth of the influenza bacillus in aerobic 
culture. Banana was tested in this study for peroxidase and 
surprisingly gave a positive reaction to benzidine. It appears 
then that the influenza bacillus has never been grown aerobically 
without the presence of peroxidase in the medium. 

The question arises whether there is a functional difference 
between the action of the very stable peroxidase-like substance 
associated with an iron compound in hemoglobin, and the com- 
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paratively heat labile peroxidase found in vegetable tissues. 
Opinions differ in this regard. 


Madelung is of the opinion that the activation of peroxides by hemo- 
globin is functionally not different from their activation by tissue peroxi- 
dases as there apparently exist in the tissues complex iron compounds 
which may be capable of conveying oxygen. On the other hand, Oppen- 
heimer states, that for the present at least we must accept the active, 
thermo-labile peroxidases as ferments. The fact should be recognized 
that we can demonstrate very active peroxidases not containing man- 
ganese oriron. In the living tissues provisions would seem to be made 
that biological catalyzing agents, ferments, should do what under other 
conditions inorganic catalyzers are able to do.” 


In view of the latter fact it would seem that the peroxidase-like 
activity of blood and of known chemical compounds which func- 
tion as the X-principle in relation to the influenza bacillus is that 
of an inorganic catalyst, while the tissue peroxidases which func- 
tion as the X-factor are analogous to organic catalysts, with both 
types of catalysts performing the same function. 


DISCUSSION 


Although it is definitely known that the influenza bacillus will 
grow anaerobically without the X-factor, which all evidence indi- 
cates to be peroxidase, the nature of its action in aerobic cultures 
still remains to be explained. 

In Callow’s work (1923) on catalase in bacteria, none of nine 
anaerobes tested gave off gas when treated with hydrogen perox- 
ide, whereas, all of the aerobes investigated were shown to con- 
tain catalase under both aerobic and anaerobic conditions with 
the exception of the streptococci. 

These results, as far as they go, show a striking parallelism to 
the peroxidase test carried out in the present study. Accordingly, 
the non-peroxidase-producing organisms fall into three main 
groups, (1) that represented by the anaerobes which fail to grow 
aerobically on solid media even though peroxidase has been added, 
(2) that represented by the influenza bacilli which grow aerobi- 


2 Quoted from von Firth, Chemistry of Metabolism, Smith. 
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cally in liquid or on solid media upon the addition of peroxidase 
when the second factor is also present and, (3) that represented 
by certain streptococci which neither produce peroxidase nor 
require it for growth. 

Callow states, 


According to. Wieland’s theory of respiration, water is decomposed 
by an oxido-reductase into (OH) and (H), the latter combining with the 
oxygen of the air to form hydrogen peroxide which is at once decom- 
posed by the enzyme catalase into water and molecular oxygen. In the 
absence of catalase the hydrogen peroxide would accumulate and kill 
the cell In the absence of air no hydrogen peroxide would be 
formed and anaerobes would be able to develop. 


While growth of anaerobes aerobically on solid media in the pres- 
ence of peroxidase does not occur, Avery and Morgan (1923-1924) 
have reported their growth through repeated transfers in broth 
containing an iron compound with the usual reactions of peroxi- 
dase. Callow (1923) on the other hand, obtained no conclusive 
evidence that anaerobes were able to grow in broth containing 


catalase prepared from bacteria, fat and yeast. The only differ- 
ence recognized between the terms catalase and peroxidase seems 
to be that the former is thought to liberate molecular oxygen and 
the latter atomic oxygen from hydrogen peroxide. 

Applying McLeod’s and Gordon’s theory of hydrogen peroxide 
production by bacteria, the difference in the growth requirements 
of the three groups mentioned would appear to involve its pro- 
duction and their sensitiveness to it. According to these authors, 
it may be supposed that all bacteria tend to produce hydrogen 
peroxide and that the production of catalase by the majority of 
bacteria, prevents the accumulation of hydrogen peroxide to 
which they are only slightly or moderately sensitive. On the 
other hand they state that the sensitiveness of anaerobes to hydro- 
gen peroxide, which they produce as soon as oxygen is available, 
is so very great that they cannot tolerate minute traces even in 
the presence of added catalase which they lack, therefore they 
cannot grow or survive in the presence of oxygen. The influenza 
bacilli would apparently belong to a group whose sensitiveness 
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to hydrogen peroxide is not great enough to prevent growth under 
aerobic conditions when the missing peroxidase is artificially sup- 
plied in the medium. To quote McLeod and Gordon, 


Against the general application of such a theory is the group (three) 
which is apparently devoid of catalase [and peroxidase], “‘not particu- 
larly sensitive to hydrogen peroxide and have not been shown to produce 
hydrogen peroxide. An alternative supposition would be that the 
production of hydrogen peroxide is associated with a certain type or 
types of bacterial metabolism. 


It could still be assumed that the third group produces hydrogen 
peroxide but in such minute amounts as not to be detected and 
to which its sensitiveness is negligible; in such a case catalase or 
peroxidase would not be required. However, we are still left 
in the dark as to the actual conditions. 

Whatever definite réle the X-principle of peroxidase plays in 
the growth of the influenza bacillus, it must be concerned in 
rendering harmless an otherwise harmful substance formed in the 
presence of atmospheric oxygen. It seems unlikely that molecu- 
lar oxygen as such is directly harmful,—else how could peroxidase 
act to make it harmless? 


CONCLUSIONS 


1. Bacillus influenzae, hemolytic and non-hemolytic and Bacil- 
lus hemoglobinophilus-canis do not produce peroxidase. Bacillus 
para-influenzae produces peroxidase under both aerobic and 
anaerobic conditions. 

2. Not one of 13 anaerobes tested, reacted positively to the 
benzidine test for peroxidase. 

3. Of 44 aerobes tested, all but four strains, two of which were 
streptococci, gave a positive reaction for peroxidase. 

4. Banana contains peroxidase as tested by benzidine. 

5. All evidence appears to substantiate Fildes’ view (1922) that 
the X-factor is associated and identical with peroxidase. 
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INTRODUCTION 


A tremendous literature has accumulated during the last 
several years on methods for the bacteriological examination of 
water. The subject has attracted considerable interest chiefly 
from the standpoint of the interpretation of results and, also, 
with a view to the elimination of false or spurious positive pre- 
sumptive tests, with the aid of various dyes incorporated into 
the media. 

Organisms which were at one time classed as unsafe are now 
no longer held, by the majority of workers, to have the same 
sanitary significance. In other words, the colon group is now 
divided into the coli and aerogenes sections of the colon group. 

The elimination of false or spurious presumptive tests with 
the aid of various dyes incorporated into the media has occupied 
the aftention of many investigators. This is a very important 
forward step as it not only makes the results more clear cut, 
but effects a great saving in time and materials. The need at 
the present time is to obtain results as quickly as possible and 
the addition of dyes to the media is a step in this direction. 

Considering all of the newer methods being advocated, the 
majority of workers have failed to appreciate the fact that the 
borderline or atypical strains are not eliminated. We are no 
nearer to a solution of these atypical strains now than we have 
ever been. It is relatively easy to identify a typical B. coli but 
a very difficult matter to classify an atypical strain. It is not 
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believed that a medium will ever be devised to entirely eliminate 
these borderline organisms but if many or most of them are 
classed as colon or not colon a great step forward will have 
been made. 

Unfortunately many of the procedures have tended to compli- 
cate rather than simplify the subject. The need at present is to 
simplify the methods as much as possible and at the same time 
produce the desired results. 

A complete system for the bacteriological examination of water 
is here presented. It is believed that the method will not only 
prove simple and effect a great saving in time and materials, 
but that the atypical or borderline strains will be reduced to a 
minimum. The method has already been shown to possess great 
possibilities, proving far more satisfactory to the writer than 
any now in use. 


A NEW MEDIUM FOR THE PRESUMPTIVE TEST 


Churchman (1912) as early as 1912 showed that gentian violet 
in a concentration of 1:100,000 exhibited a marked inhibitory 


action on the Gram positive organisms but that it had very little, 
if any, effect on those organisms which stained Gram negatively. 
This applies not only to vegetative cells but also to bacterial 
spores, although Churchman (1912), Burk and Skinner (1925), 
Wiesner (1926), and others have shown that a higher concen- 
tration of dye is necessary. Churchman stated that the above 
effect is better described as bacteriostatic rather than bactericidal 
because all organisms are not necessarily killed but merely 
prevented from multiplying. These results have been further 
verified in subsequent papers by the same author (Churchman, 
1921, 1922 and 1923) by Gay and Beckwith, (1922), and others. 
This same principle has been made use of by Petroff (1915) in 
the isolation of the tubercle bacillus from sputum and feces; by 
Krumwiede, Fielder and Watson (1918) for the purification of 
vaccine virus; by Bernstein and Loewe (1919) for the isolation 
of the influenza bacillus, and by many others for various special 
investigations. 

Various dyes are being used more and more for the elimination 





BACTERIOLOGICAL EXAMINATION OF WATER 383 


of positive presumptive tests that do not confirm for the members 
of the colon group. These false tests are attributed to three 
causes: (1) bacterial symbiosis, (2) aerobic spore formers, and 
(3) anaerobic spore producers. Elimination of the above three 
causes means a saving of a considerable amount of time in 
obtaining results. 


Bacterial symbiosis 


By bacterial symbiosis is meant the production of acid and 
gas from carbohydrate media by two organisms living together, 
neither of which acting alone is capable of producing gas. This 
phenomenon which was first investigated by Sears and Putnam 
(1923) has actually been found to be the cause of many false 
presumptive tests. Others who have brought forth convincing 
evidence as to the existence of bacterial synergism are Leitch 
(1925), Castellani (1926), and Holman and Meekison (1926). 
Dyes have been very useful in the elimination of the majority 
of spurious tests due to bacterial symbiosis. 


Spore formers 


Aerobic spore bearing bacilli have been responsibie for many 
positive presumptive tests which have failed to confirm for the 
presence of B. coli. Ewing (1919) isolated a spore bearing organ- 
ism which was able to produce acid and gas in lactose. Similar 
organisms have been isolated by Norton and Weight (1924), 
Sohn (1925), Hostettler and Gettrust (1926), and Koser and 
Shinn (1927). 

Meyer (1918) repeatedly recovered an anaerobic spore forming 
organism giving gas from lactose broth. Levine (1918), Frost 
(1916), Kahn (1918), Muer and Harris (1924), Raab (1923), 
Meader and Bliss (1923), Norton and Barnes (1928), Spray and 
Laux (1930) and others also reported on the presence of anaerobic 
organisms interfering with the presumptive test. 


The use of dyes 


Brilliant green, gentian violet and crystal violet have been 
used more than any other dyes for the elimination of Gram 
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positive organisms. These dyes in high dilution are particularly 
effective against those organisms which are not decolorized by 
alcohol, but, on the other hand, show a minimum of effect on the 
Gram negative bacteria. Of the three dyes, brilliant green has 
probably been used more in water works practice. 

Brilliant greep was originally introduced into bacteriological 
technique for the isolation of the typhoid bacillus from feces and 
urine. Browning, Gilmour and Mackie (1913) found that this 
dye exerts a much more marked inhibitory effect on B. coli than 
on B. typhosus or the paratyphoid organisms. In the presence 
of brilliant green the typhoid bacillus is not outgrown by the 
colon organisms. This was further shown by Browning and 
Gilmour (1913), Krumwiede and Pratt (1914), Browning, Mackie 
and Smith (1914), Krumwiede, Pratt and McWilliams (1916), 
and Teague and Clurman (1916a). Teague and Clurman (1916b) 
used brilliant green for preserving typhoid stools for delayed 
examinations. 


Bile-dye media 


Bile or its salts, either with or without dyes, are extensively 
used in sugar broth media for their stimulating effect on the 
growth of the colon organisms. Jackson (1906) employed lactose 
bile for the presumptive test. He concluded that the bile broth 
prevented negative tests from the overgrowth of other bacteria 
as well as positive tests from mixtures of other gas formers. 
Levine (1921) found that in a medium containing 0.5 per cent 
peptone with crystal violet, a bile concentration less than 0.5 
per cent stimulated growth of B. coli while more than that amount 
exhibited a marked inhibitory action. Similar results were ob- 
tained when bile salts were used (Levine, 1922). The amount 
of bile to be added varied with the concentration of peptone. 
In the presence of bile or its salts a higher concentration of dye 
is necessary, due to absorption and inactivation. According to 
Dunham, McCrady and Jordan (1925) the following deductions 
can be made as to the use of brilliant green bile broth: (1) Its 
use eliminates the large number of confirmatory plates on which 
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no growth occurs; (2) spore forming organisms are eliminated; 
(3) brilliant green bile appears to extend its selective inhibitions 
to attenuated forms of the colon group. Other workers who 
have reported favorably on the use of brilliant green bile broth 
are Ruchhoft (1926), Dunham and Schoenlein (1926), Hale 
(1926), Hinman (1927), and Jordan (1927). Hall and Ellefson 
(1918 and 1919) used gentian violet without bile for the elim- 
ination of spurious presumptive tests. The use of gentian 
violet has also been advocated by Wagner and Monfort (1921) 
and Stearn (1923). Dominick and Lauter (1929) used methylene 
blue without bile. On the other hand Howard and Thompson 
(1925) found that brilliant green bile broth is highly inhibitory 
and useless except to restrict the growth of the colon group. 
This applied not only to the use of whole bile but also to bile 
salts. Poe (1930) reported that crystal violet alone, would 
eliminate most anaerobes. With most strains of B. welchii the 
addition of bile actually stimulated their growth. The inhibitive 
power of the crystal violet lactose broth was destroyed by the - 
addition of bile, as far as the growth of anaerobes was concerned. 


Choice of dyes 


It is rather unfortunate that gentian violet was ever used in 
bacteriological media to restrict the growth of certain organisms. 
Gentian violet is a term which does not refer to any definite 
chemical compound but rather to a mixture of dyes of a certain 
group (Committee, 1922). Griibler apparently originated the 
term. It is not recognized in the dye or textile industry. Such 
dyes in the mixtures sold as gentian violet all belong to the para- 
rosaniline series but at the present time the different manufac- 
turers and dealers nearly all sell different mixtures of these dyes 
under the name of gentian violet. On the other hand, crystal 
violet, which is one of the components of gentian violet is a 
definite chemical compound. A definite chemical formula can 
be assigned to this dye and, although commercial samples of it 
are not necessarily pure and may vary in their composition, it 
should be used in preference to gentian violet. 
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Brilliant green is used to a far greater extent for its inhibitory 
action on the growth of Gram-positive organisms than crystal 
violet. It is not clear just why this dye has been selected for this 
purpose in preference to the latter. Browning, Gilmour and 
Mackie (1913) in the course of systematic investigations on the 
antiseptic action of benzol derivatives found that a marked dif- 
ference existed between the action of dyes which are members 
of the diamidotriphenyl-methane group (brilliant green) and 
those of the triamidotriphenyl methane series (crystal violet). 
Both groups exert a powerful action on Gram-positive organ- 
isms. In addition, the diamidotriphenyl methane dyes, of which 
brilliant green is a member, are also fairly actively bactericidal 
toward the coli-typhoid group, whereas these organisms are 
comparatively insusceptible to the triamidotriphenyl methane 
group (crystal violet). 

Comparative studies on dyes incorporated in media and in- 
oculated with several organisms strengthen the findings of 
Browning, Gilmour and Mackie, that brilliant green is more 
bactericidal than crystal violet towards the colon organisms. 
In table 1 are results obtained when various dilutions of crystal 
violet and brilliant green are inoculated with B. coli, B. aerogenes, 
Staphylococcus albus and Staphylococcus aureus, and B. subtilis. All 
tubes were examined at the end of forty-eight hours for turbidity. 
With crystal violet it can be seen that B. coli is relatively insus- 
ceptible to its action as compared with brilliant green. On the 
other hand crystal violet exerts a more toxic effect against the 
Gram-positive organisms than brilliant green. In other words, 
a greater range of safety exists between Gram-positive and Gram- 
negative organisms when crystal violet is used. More crystal 
violet can be used than brilliant green without exerting any 
more toxic action on B. coli. This means that with crystal violet 
a better chance exists for the elimination of those Gram-positive 
organisms, responsible for false tests, than when brilliant green 
is used. 

The amount of dye to be incorporated varies with the amount 
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TABLE 1 
Comparison of bactericidal action of crystal violet and brilliant green 
Medium employed: 


Dye, sufficient quantity 
Distilled water, to make 1000 cc. 





CRYSTAL VIOLET BRILLIANT GREEN 
DYE 
DILUTION 





B. aero-| Staph. | Staph. B. aero-| Staph.| Staph.| B. 
genes | albus | aureus genes | albus | aureus | subtslis 





50,000 
100 ,000 
150,000 
200 , 000 
250 , 000 
300 , 000 
350,000 
400 , 000 
450, 000 
500, 000 

1,000,000 | 
1,500,000 

















FEEAEEEEE EEF EF HEE HE FFF EFF FF 44444! 
FEEEEEEEEE EE FEF EEE FEE HEHE FFF 44444 
HEEEEEEEHEHEE HEHEHE EE FEF HFEF FEF 444441 


| 
HEHEHE HEHHEH+EHEF+F+FF+4F4 I 


+H++++t+ttstest | 


++t++4+44 1 
H++44441 


| 
All readings were made at the end of forty-eight hours. 
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of peptone and other organic matter added to the media. As 
the amount of peptone is increased the amount of dye also is 
increased. In other words, the concentration of dye necessary 
to produce the desired results varies directly with the amount of 
peptone. 

Using the medium as given in table 1, it was found that a dye 
concentration of 1:700,000 did not affect the growth of the colon 
organisms, and, at the same time was sufficient to eliminate the 
growth of organisms giving false presumptive tests. 


Crystal violet broth 


Preparation of crystal violet solution. Place 1 gram of crystal 
violet in a glass stoppered bottle of 150 cc. capacity and add 
50 ce. of 95 per cent alcohol. Shake thoroughiy and then add 
50 ce. of distilled water. Shake well again until all of the dye is 
dissolved. Pipette 20 cc. of this 1 per cent solution into a liter 
volumetric flask. Add sufficient water to make 1000 ce. This 
gives a 1:5000 solution of crystal violet. 

The medium for the presumptive test is now prepared as 
follows: 

grams 
grams 
grams 


grams 
SL er er ee 21.5 ce. 


Distilled water to make the quantity = 2000 cc. 


Mix ingredients and stir until solution is effected. Distribute 
the medium into test tubes, 20 cc. to each tube. Sterilize in an 
Arnold sterilizer or in the streaming steam of an autoclave for 
ten minutes. Only one heating is sufficient to sterilize. Auto- 
claving under pressure will decompose some of the dye making 
the medium unfit for use. It is not necessary to adjust the 
reaction of the medium as this is controlled by the buffer salts. 

The tubes are inoculated with a 10 cc. portion of water sample, 
giving a final volume of 30 cc. This brings the final volume of 
the two liters of medium to three liters. The formula after the 
addition of the water sample becomes: 
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grams 
grams 
grams 
grams 
ee Se acon cviwe cakes akesawsseue bepewer wees 21.5 ce. 


NR, oe ce cick ewkasevebebswhabende 2000 cc. 
Water sample.... 1000 ce. 


3000 cc. 


It makes no difference which dilutions are run as long as the 
above proportions are not disturbed. All that is necessary is to 
increase or decrease the amount of distilled water used in pre- 
paring the medium. 

As an example, if 1 cc. amounts are to be inoculated into tubes, 
this may be calculated as follows: 


Amount of medium per tube................ 
Amount of inoculum per tube......................0%. 


bs 3000 x = 600 cc. = the inoculum 
3000 — 600 = 2400 cc. = the medium 


Prepare the above medium using sufficient distilled water to 
make 2400 cc. Distribute 4 cc. amounts in test tubes. Then, 
on inoculation with 1 ce. quantities of water sample, the above 
proportions of the various ingredients will be the same as in the 
tubes holding 10 cc. amounts of water sample. 

Inoculating tubes of crystal violet broth with 50 strains of 
B. aerogenes and 180 strains of B. coli yielded the results shown 
in table 2. 


TABLE 2 
Results obtained by inoculating crystal violet broth medium with pure cultures of 
B. coli and B. aerogenes 


7MBE SENT 0 
OxGANISM yy 10 — tae R | CORRELATION 











| per cent 
B. aerogenes... . 50 positive 100 
B. coli rae se ee | 180 positive | 109 
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It is seen that perfect correlation is obtained by inoculating 
tubes of the medium with pure cultures of B. coli and B. aerogenes. 
A dye concentration of 1:700,000 is not inhibitory to the growth 
of these two organisms. 


A NEW MEDIUM FOR THE CONFIRMATORY TEST 


The majority of the solid media now in use for the detection 
of B. coli in water were originally used for the isolation of Bacillus 
typhosus and Bacillus dysenteriae from infected feces and urine. 
Changes have been made in their composition and mode of prepa- 
ration adapting their uses to water works practice. Very few 
of the media now extensively in use were compounded solely for 
water examinations. This accounts for the large number of 
modifications of Endo and other differential media. This is a 
point that should be kept in mind. 

Drigalski and Conradi (1902) used crystal violet to eliminate 
other organisms interfering with the isolation of B. typhosus 
from stools. Litmus was added to the medium to identify the 
presence of the acid producing colon organisms. The well known 
medium of Endo (1903) is composed of basic fuchsin decolorized 
by the use of sodium sulfite. Modifications of the original 
formula have been reported by Kendall and Walker (1910), 
Kendall and Day (1911), Kinyoun and Deiter (1912), Harding 
and Ostenberg (1912), Robinson and Rettger (1916), Levine 
(1918), and others adapting the medium to special investigations. 
Holt-Harris and Teague (1916), incorporated the dyes methylene 
blue and eosin in an agar base containing Jactose and sucrose 
and were able to isolate the typhoid and dysentery organisms 
on this preparation. This medium has been modified and 
simplified by Levine (1918 and 1921), adapting its use to water 
works laboratories. 


Differentiation of the coli and aerogenes groups 


The consensus of opinion among bacteriologists at the present 
time is that the coli and aerogenes divisions of the colon group 
should be differentiated. This was advocated, as early as 1918, 
by Rogers (1918) and Levine (1918). These organisms are no 
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longer held to have the same sanitary significance in reporting 
on the potability of a water supply. It has been shown by 
Rogers and his associates (Rogers, Clark and Davis, 1914; Rogers, 
Clark and Evans, 1914 and 1915; Rogers, Clark and Lubs, 1918), 
that B. coli is characteristic of the intestinal tract of man and 
animals while B. aerogenes is very rarely isolated from human 
or animal excreta, but is found chiefly in soil and on grains. 
Therefore these two organisms should not be considered the 
same from a sanitary standpoint. Among others who believe 
the two organisms should be separated may be mentioned Wood 
(1919), Levine (1921), Wilson (1922), Hinman (1925), Clark 
(1925), Spray (1927), and Chen and Rettger (1920). 

Rogers, Clark and Davis (1914), Rogers, Clark and Evans 
(1914 and 1915), and Rogers, Clark and Lubs (1918) in the 
course of extensive and systematic investigations on the coli 
and aerogenes organisms were able to separate the members into 
two main groups by means of their gas ratios. The members of 
the B. coli division produced carbon dioxide and hydrogen in 
approximately equal proportions whereas those of the B. aero- 
genes section produced more carbon dioxide than hydrogen. 
B. coli is termed the low ratio organism while B. aerogenes belongs 
to the high ratio group. 

By the use of the hydrogen electrode, Clark and Lubs (1915 and 
1917) followed the changes in the hydrogen ion concentration 
in various cultures of B. coli and B. aerogenes. Simple conditions 
were found whereby the metabolism was so controlled that the 
pH of cultures of one group were made to diverge widely from 
those of the other group. It was further found that the differ- 
ences in the final hydrogen ion concentrations of cultures of 
B. coli and B. aerogenes correlated perfectly with their gas ratios. 
This principle was made use of by Clark and Lubs (1915 and 
1917), and Clark (1918) in the so-called methyl red test. 

Other differential tests for the separation of the coli and 
aerogenes divisions of the colon group have been advocated. 
Voges and Proskauer (1898) recommended the so-called V. P. 
test which depends on the formation of acetyl methyl carbinol 
by B. aerogenes but not by B. coli. Koser (1918) used uric acid 








392 A. J. SALLE 


as the only source of nitrogen and found that B. aerogenes was 
able to utilize this compound. B. coli cannot use uric acid as a 
nitrogen source. Another test recommended by Koser (1923 and 
1924) is the citrate test giving a positive growth with B. aerogenes. 
On the other hand B. coli fails to grow in this medium. Sim- 
mons (1926) added agar and brom-thymol blue to Koser’s citrate 
solution and used it as a solid plating medium. 

It can be seen that with the exception of Simmon’s citrate 
agar all of the media named above are liquid media in which it 
is.not possible to make a study of the colonies of the growing 
organisms. In no case can the growth of B. coli be studied on 
solid media. It was considered of great advantage to possess a 
solid streaking medium which would differentiate the two main 
subgroups of the colon group, and at the same time permit a 
study of the organisms growing in colonies. 


Experimental 


Erythrosine, methylene blue and brom-cresol-purple were the 
dyes selected to be incorporated in a buffered lactose agar base. 
The combination of erythrosine and methylene blue gives e 
bright metallic appearance to the colonies of B. coli but not t« 
those of B. aerogenes. B. coli changes the color of the brom- 
cresol-purple from purple to orange while B. aerogenes is unable 
to affect the color of the indicator. The medium gives two tests 
in one, namely, the presence or absence of a metallic sheen and 
a positive or negative color change in the agar surrounding the 
colonies. 

The medium is similar to one previously reported by the 
writer (Salle, 1927) but has been modified to give sharper re- 
actions and more satisfactory results. 

Erythrosine, methylene blue and brom-cresol-purple change 
in color from purple to orange at about pH 5.6. A medium in 
order to give satisfactory results must be so prepared that B. 
coli will grow and produce its maximum acidity below pH 5.6. 
This is achieved by the addition of buffer substances to the 
medium. In table 3 the results of a preliminary test with five 
different kinds of broth containing increasing amounts of buffer 
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The effect of an increase in the buffer content on the final pH of the medium 





















































MEDIA 

oneus ()* (2) (3) (4) | (5) a 

48 24 48 24 | 48 24 48 24 48 

hours | hours hours ours | hours | hours | hours | hours | hours 

pH pH pH pH pH pH pH pH pH 

1 4.55 | 4.51| 4.78| 4.70| 4.92 | 4.80 | 5.07 | 4.90 | 5.17 | 5.16 
2 4.62| 4.60) 4.80! 4.72| 4.97| 4.78 | 5.02 | 4.92 | 5.14| 5.07 
3 4.46| 4.38) 4.77| 4.63| 4.89| 4.75 | 4.95 | 4.84 | 5.12 | 5.07 
4 4.33 | 4.29| 4.56] 4.41 | 4.68 | 4.55 | 4.82 | 4.65 | 5.02 | 4.87 
5 4.62| 4.55| 4.82] 4.77| 4.95 | 4.85 | 5.04| 4.04 /| 5.17/| 5.14 
6 4.60} 4.56) 4.92) 4.85] 5.00| 4.87/ 5.14| 5.00 | 5.26 | 5.17 
7 4.48| 4.40| 4.70| 4.62! 4.80! 4.75 | 4.87 | 4.82 | 5.04| 4.94 
. 4.43) 4.45) 4.75| 4.68| 4.85 | 4.80| 4.92 | 4.89 | 5.06| 5.11 
9 4.45| 4.41) 4.68| 4.63] 4.85 | 4.70 | 4.94| 4.84 | 5.12 | 5.09 
10 4.53| 4.50) 4.84] 4.75| 4.94/ 4.95 | 5.09 |'4.97 | 5.19 | 5.16 
11 4.45| 4.41| 4.68| 463] 4.89| 4.80 | 4.95 | 4.84 | 5.14| 5.07 
12 4.33 | 4.33) 4.62| 4.46| 4.72 | 4.62 | 4.78 | 4.60 | 4.90/| 4.90 
13 4.45) 4.41) 465) 4.60| 4.77| 4.70 | 4.80 | 4.72 | 5.04| 4.97 
14 | 458| 4.53/ 4.80| 4.72| 4.89| 4.82| 5.04 | 4.92 | 5.17) 5.11 
15 | 4.63| 4.58) 4.85| 4.78| 5.00| 4.92/|5.02|494|5.16| 5.11 
16 4.50| 4.46| 4.68| 4.67| 4.80| 4.72 | 4.87 | 4.77 | 5.04| 4.97 
» 17 4.51| 4.45| 4.77| 4.68 4.94 | 4.80 | 5.00 4.85 | 5.14 | 5.11 
18 4.63| 463| 4.82] 4.77) 4.99| 4.90 | 5.09 | 4.94) 5.21 | 5.17 
19 4.53 | 4.50| 4.85] 4.78) 4.99| 4.92 | 5.12 | 5.06 | 5.26 | 5.17 
20 4.36 | 4.31) 4.58| 4.50| 4.70 | 4.63 | 4.78 | 4.72 | 4.97 | 4.90 
21 4.62} 4.56) 4.80] 4.72| 4.94/ 4.85 | 5.06 | 4.97 | 5.17| 5.11 
22 4.62| 4.55) 4.85| 4.75 | 5.02 | 4.78 | 5.09 | 4.90 | 5.21 | 5.16 
23 4.53| 4.46!) 4.78| 4.70| 4.95 | 4.85 | 5.06 | 4.95 | 5.16 | 5.14 
24 4.45| 4.43) 463] 4.58] 4.84 | 4.75 | 4.92 | 4.82 | 5.07 | 5.11 
25 4.53) 4.46) 4.73| 4.68 | 4.87 | 4.80 | 4.92 | 4.92 | 5.11 | 5.07 
26 4.46| 4.43) 4.68 | 4.63| 4.84) 4.77 | 4.92 4.85 | 5.11 | 5.06 








* (1) Peptone, Difco, 5 grams; iactose, 5 grams; distilled water to 1000 cc. 
(2) Peptone, Difco, 5 grams; K,HPO,, 1 gram; lactose, 5 grams; distilled 
water to 1000 cc. 
(3) Peptone, Difco, 10 grams; K:HPOQ,, 1 gram; lactose, 5 grams; distilled 
water to 1000 cc. 
(4) Peptone, Difco, 10 grams; K.HPO,, 2 grams; KH: PO,, 0.5 gram; lactose, 
5 grams; distilled water to 1000 cc. 
(5) Peptone, Difco, 10 grams; K-HPO,, 3 grams; KH,PO,, 0.6 gram; lactose, 
5 grams; distilled water to 1000 cc. 
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substances are summarized. Pure cultures of B. coli were used. 
The final hydrogen ion concentrations of the cultures were de- 
termined by means of the hydrogen electrode. The tubes were 
incubated at 37°C. and the results recorded at the end of twenty- 


TABLE 4 
Final hydrogen ion concentrations of cultures of B. coli 
Medium: Peptone, 10 grams; K,HPO,,3 grams; KH;2PO,, 0.6 grams; water, 1000 cc. 





pH IN DIFFERENT MEDIA AT DIFFERENT TIMES 





CULTURE 
NUMBER 1 per cent lactose 0.6 per cent lactose | 0.5 per cent lactose | 0.4 per cent lactose 





24 hours | 48 hours | 24 hours | 48 hours | 24 hours | 48 hours | 24 hours | 48 hours 


4.99 5.06 5.09 5.16 
5.06 5.17 5.19 
4.94 4.99 5.19 
6.29 
4.90 
5.04 
5.26 
5.56 
6.09 
6.27 





= 

z 
ma 
$s 

= 

s 


OCMNAMR WH 
SSRESBSSRRES 


SERSRSSSSERLSSAB 


_ 
—_ 





— 

















POSE PSP PSP E SSS ESE PLP SS LS CS 
ESGRSKRESRESSESSESSERSSASE 
PARANA AAR AAAAae eH 

P POLS S ESOP SASSO SAS EO SOOPER 
SSSSSSSREGHRESRASSSSREASESS 


S222: 


4.72 
5.02 
5.06 
4.99 
5.00 
5.06 
4.82 
4.84 
4.87 
5.02 
4.99 
5.07 
4.89 
4.90 
4.97 
5.07 
5.02 
4.85 
4.70 
5.02 
4.97 


| 


‘al alah al aia ol al oko ool a abe ao 
SS8AISSSESRSSSRRSSES 

OF OW HOM ON OH OH He ON ON ON OF OT OF OH OF OH OF OH OF 
SBLRRSRQGSKESSERESlasees 
OH ON ON ON OH ON ON ON ON ON HN OH OH OH 
eSSaStesy 


_— 
a) 











four and forty-eight hours. It is quite evident that as the amount 
of buffer is increased the final pH of the medium is correspond- 
ingly increased. These results are in harmony with the state- 
ment by Clark (1915) that the greater the buffer effect of the 
medium the lower the final hydrogen ion concentration attained. 
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For a given amount of sugar B. coli will form more acid than 
B. aerogenes, provided the greatest amount added is just suffi- 
cient for B. coli to produce its maximum hydrogen ion concen- 
tration. The amount of lactose that is just sufficient for B. coli 
to produce its maximun acidity is inadequate for B. aerogenes 
to produce its limiting hydrogen ion concentration. In table 4 
are shown results obtained by inoculating lactose broth with 
cultures of B. coli, using 1, 0.6, 0.5, and 0.4 per cent lactose 
respectively. Formula 5, (table 3) was used. Readings were 
made at the end of twenty-four and forty-eight hours of incu- 
bation at 37°C. It is seen that as the amount of lactose is 
decreased the final hydrogen ion concentration is also decreased 
until a concentration is reached (0.4 per cent lactose) which is 
insufficient for B. coli to produce its characteristic limiting pH 
in the above medium. In order to sharply differentiate B. coli 
from B. aerogenes the amount of lactose added must be just 
sufficient for B. coli to produce its limiting hydrogen ion con- 
centration. An excess may permit B. aerogenes to produce the 
same pH and the medium will be of little value. The results 
shown in table 3 suggested 0.5 per cent lactose as the most 
suitable quantity. 

In table 5 are shown results with B. aerogenes employing the 
same medium and lactose concentrations as used for B. coli 
(table 3). It is seen that when results of like concentrations of 
lactose are compared B. coli cultures produce a lower pH than 
tubes inoculated with B. aerogenes. This is just what is desired 
as a sharp differentiation between these two organisms. The 
desired result is, therefore, possible. 

The medium which was finally selected and which is now in 
use has the following composition: 


No adjustment of the reaction is required. This is controlled 
by the buffer substances. The ingredients are mixed and boiled 
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until the agar is dissolved. The loss of water due to evaporation 
is restored. The agar is not filtered, but distributed directly 
into 250 ec. Erlenmeyer flasks, 100 cc. to each flask. When ready 


TABLE 5 
Final hydrogen ion concentration of cultures of B. aerogenes 
Medium: Peptone, 10 grams; K,HPO,, 3 grams; KH;PO,, 0.6 gram; water, 1000 cc. 


{ 
| pH IN DIFFERENT MEDIA AT DIFFERENT TIMES 








CULTURE | ; 
NUMBER 1 per cent lactose | 0.6 per cent lactose | 0.5 per cent lactose 0.4 per cent lactose 





24 hours | 48 hours 24 hours | 48 hours | 24hours | 48 hours | 24 hours | 48 hours 


5.68 5.26 | 5.61 5.88 | 5.73 | 6. 5.88 
5.61 | 5.24 | 5.73 | 6. 6.04 
5.34 5.73 | 6. 6.29 
5.24 5.78 | 6. 5.82 
5.78 6.27 
5.66 6.24 
5.51 6.48 
5.77 
5.90 
6.19 
5.82 
6.48 
6.19 
6.51 





CHNMSAR WH 
e 
oe 
© 

















6.22 
6.00 
6.36 








SHPRSRSERAVSSABABVSaeese 





eal al ai aialalakdlsak-aial-alsalak-ebalcalal-ok-ol-alcakea 
SSSSSSSFSSSSRSZSSRZESSSIARS 


AAAAD AAR AAMAMRABAAAAAD A 


5.77 
5.58 
5.48 
5.12 
5.58 
§.12 
5.31 
5.28 
5.75 
5.17 
5.16 
5.50 
5.40 
5.48 
5.68 
5.34 
5.53 
5.43 
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26 | 6.12 





to use, 0.5 gram lactose is added to each flask and the agar melted 
in an Arnold sterilizer or in boiling water. After the agar is 
melted the following dyes are added to the contents of each 
flask: erythrosine (2 per cent aqueous), 2 cc.; methylene blue 
(1 per cent aqueous) 0.2 cc.; and brom cresol purple (1 per cent 
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alcoholic) 2 cc. The agar is rotated in the flask to obtain an 
uniform mixture and then poured into sterile petri dishes. 


Preparation of dye solutions 


Methylene blue, 1 per cent. Dissolve 1 gram of methylene 
blue in 100 ec. of distilled water. This may be conveniently 
carried out by placing the dye in a glass stoppered bottle, adding 
the distilled water and shaking vigorously until completely 
dissolved. 

Brom cresol purple, 1 per cent. Place 1 gram of the indicator 
in a mortar, add 25 cc. of 95 per cent alcohol and triturate until 
completely dissolved. Then add sufficient distilled water to 
make 100 ce. 

Erythrosine, 2 per cent. Place 2 grams of the dye in a mortar 
and add about 50 ce. of distilled water. Then add 5 per cent 
KOH solution, drop by drop, until the dye is completely dis- 
solved. Triturate well after each addition in order to avoid 
adding a large excess of alkali. Finally make up the volume to 
100 ce. with distilled water. 

At the time this work was started it was not appreciated that 
different brands of dyes or even different lots of the same manu- 
facturer’s product could vary so greatly in their physical and 
chemical properties. It makes very little difference which 
brands of methylene blue and brom cresol purple are used but 
the difficulty lies with the erythrosine. With the exception of a 
small quantity of pre-war erythrosine on hand at the time no 
other brand has been found satisfactory. Work was, accordingly, 
started on the preparation of a satisfactory dye with the result 
that a product has been developed that is far superior to any 
of those tested and which has given very excellent results. 


Preparation of erythrosine 


A. Fluorescein U. S. P. sodium salt (National Aniline and 
Chemical Company) 
Distilled water 
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Dissolve the fluorescein in the distilled water contained in a 
400 cc. beaker. 


B. Iodine U. 8. P 
Potassium iodide, U. 8. P 
Distilled water 


Grind the iodine and the potassium iodide together in a mortar 
until finely divided. Rinse out the mortar with small portions 
of distilled water until the contents is all dissolved. Collect 
the solution into a liter beaker. Heat the mixture to 75°C. to 
dissolve all of the iodine. Then add to it, with constant stirring, 
the fluorescein solution (A). The erythrosine immediately pre- 
cipitates out. Allow to stand for five minutes, again heat to 
75°C. and pour out the contents into an enameled pan containing 
two liters of distilled water. Bring the contents of the pan to 
a boil, remove from the fire and allow to stand for five minutes 
for the precipitate of erythrosine to settle out. The scum that 
forms on the surface may be broken up and made to settle out 
by vigorously stirring while the mixture is boiling. Carefully 
pour off the supernatant liquid, containing free iodine, in order 
to not disturb the precipitate. Add two more liters of distilled 
water to the precipitate and again bring te a boil. After allowing 
to stand for five minutes carefully pour off the supernatant fluid. 
Repeat the operation for the third time but use only one liter of 
distilled water. Add 125 cc. of 5 per cent KOH solution to dis- 
solve the precipitate of erythrosine. Pass the clear splution 
through a 5-inch Buchner funnel with the aid of suction. Dilute 
the filtrate with sufficient distilled water to make about one 
liter. Bring to a boil and add about 20 cc. of concentrated HCl 
with constant stirring to precipitate the erythrosine. Allow to 
stand for five minutes. Pour off most of the supernatant liquid 
and collect the precipitate on a 5-inch Buchner funnel using 
suction. Rinse out the pan with several portions of distilled 
water, dry the precipitate well with suction, finally drying 
thoroughly in the incubator or in a warm place. When dry, 
pulverize in a mortar and preserve in a well stoppered bottle. 

On this medium the colon organisms produce brilliant metallic 
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colonies, slightly raised, with the surfaces usually flat or slightly 
concave. The surfaces are rarely convex. The colonies remain 
confined and show little tendency toward confluence. The agar 
surrounding the colonies will be changed in color from a purple 
to orange tinge. B. aerogenes strains rarely, if at all, produce 
metallic colonies and then only in the central portions. The 


CAA 


Fie. 1. Titration Curves or Mepia Given IN TABLE 3 


pH readings by hydrogen electrode, and titration figures in cubic centimeters 
of w/10 HCl for 100 cc. of medium are used. 


colonies are raised, convex, very moist and show great tendency 
to run together. There is no change in the color of the agar. 

In figure 1 are shown titration curves of the five media given 
in table 3. One hundred cubic centimeters of the media were 
titrated with n/10 HCl and the pH readings followed by means 
of the hydrogen electrode. Titration curves are very useful in 
that they tell us at what pH range the media exert their maximum 
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buffer effect. They also help others to duplicate results. For 
instance, it makes no difference what brand of peptone is used 
as long as the titration curves are the same. Taking up the 
curve for medium 5, table 3, it is evident that it requires about 
one-half as much acid to change the pH of the medium from 6 
to 5 as to change the pH from 7 to 6. B. aerogenes produces its 
maximum acidity (using 0.5 per cent lactose) at about pH 6.0; 
B. coli has its limiting hydrogen ion concentration at about pH 
5.0. Between pH 6.0 and 5.0 a relatively large change is ob- 
tained for a given amount of acid as compared with the pH 
range between 7.0 and 6.0. This is just what is desired, since 
such a medium will afford a sharp differentiation of B. coli and 
B. aerogenes. 


TABLE 6 
Results obtained by streaking pure cultures of B. coli and B. aerogenes on the 
differential medium 





| REACTION ON AGAR 


STRAINS Me “— 
tallic Color 


colony 





per cent 
+ | Orange 100 
— | Purple 100 











Results 


In table 6 are shown results obtained by streaking on the 
surface of the medium 180 strains of B. coli and 50 strains of 
B. aerogenes. The results show perfect correlation. 

The solid medium here described incorporates two tests in one 
operation, namely, the presence or absence of a metallic sheen 
to the colonies and a positive or negative color change in the 
agar. In water examinations when speed is very essential, the 
agar dye preparation will shorten the period to complete an 
analysis by twenty-four hours. 

Instead of fishing metallic colonies from an Endo or an E. M. 
B. plate and making tests for the presence of fecal B. colt (which 
requires twenty-four hours more time) the results may now be 
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obtained on the plate. In laboratories where it is the custom 
to carry the test only to the partially confirmed stage, more 
satisfactory conclusions may now be drawn with the aid of this 
medium, since two tests are better than one. 


Results of water examinations 


More than 100 water examinations were carried out using 
Standard Methods broth and crystal violet broth media. Five 
tubes of lactose broth and crystal violet broth each containing 
10 cc. of water sample were used for each sample of water ex- 


TABLE 7 
Results of water examinations using standard broth and crystal violet broth 





NUMBER OF 








| TUBES 

RE Ee ee ee ee eee 101 | 
Perfect correlation between standard and crystal | | 

| RE ie rae Sie a ae acta a rd ape a | 62 | 
Samples giving higher results in standard broth...... 20 33 
Samples giving higher results in crystal violet broth. ... 11 18 
Samples in which standard broth tubes did not confirm | 

for members of the coli-aerogenes gromp............ 18 33 
Samples in which crystal violet broth tudes did not | 

confirm for members of the coli-aerogenes group... | 





amined. Readings were made at the end of forty-eight hours. 
The results are given in table 7. 

The results tabulated in table 7 bring out the superiority of 
crystal violet broth over Standard lactose broth. Of 101 samples 
analyzed 62 showed perfect correlation. Twenty samples in 
standard broth gave 33 more positive tubes than crystal violet 
broth. However, on confirmation 18 of the above samples in- 
cluding 33 tubes gave either no growth or negative results for 
members of the coli-aerogenes group. Eleven samples including 
18 tubes gave higher results in crystal violet broth all of which 
confirmed, with the exception of one tube. 

The results clearly show that gas formation in crystal violet 
broth in practically 100 per cent of the tubes is due to the presence 
of members of the coli-aerogenes group. Other organisms are 
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eliminated by the dye in almost all cases, giving sharper and 
more clear cut results on the confirmatory plates. A consider- 
able saving in time and materials is thus accomplished by in- 
corporating crystal violet in the medium. 

Of the 20 samples mentioned, twenty-four hours additional 
time was required to complete an analysis. This time would 
have been saved by the use of crystal violet broth. Also the 
majority of the 20 samples were obtained from chlorinated sup- 
plies where the treatment did not destroy anaerobic and aerobic 
spore formers capable of fermenting lactose with the production 
of acid and gas. None of these organisms produced positive 
results in crystal violet broth. 

The dye broth will show its superiority particularly with the 
chlorinated samples which tend to give a large percentage of 
false tests in Standard broth. Of the 101 samples examined only 
a small number were from chlorinated supplies. If the number 
of chlorinated samples had been greater the results would have 
been even more striking. 


DISCUSSION 


A system for the bacteriological examination of water is pro- 
posed which it is believed will prove superior to any now in use. 

Comparative tests of brilliant green and crystal violet have 
shown the superiority of the latter for water examinations. 
Brilliant green has enjoyed widespread popularity for water exam- 
inations but it is not clear just why this dye has been selected 
in preference to crystal violet. 

A crystal violet broth medium is described which in 101 
samples examined has been shown to give practically 100 per 
cent results for members of the coli-aerogenes group. With the 
use of such broth much time will be saved due to the elimination 
of those organisms capable of giving acid and gas in standard 
lactose broth but which do not confirm for the members of the 
colon group. 

An agar dye medium for the confirmatory test is described 
which incorporates two tests in one operation. In reality, results 
on this plate medium are equivalent to a partially confirmed 
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and a confirmed test for the presence of B. coli. The B. coli 
organisms produce bright metallic colonies while B. aerogenes 
colonies do not produce a metallic appearance, except in very 
rare cases. The amount of buffer and lactose in the medium are 
so controlled that brom-cresol-purple will change in color from 
purple to orange by the growth of B. coli but not by B. aerogenes. 
In those rare instances in which colonies of B. aerogenes give a 
metallic lustre the absence of a change in the color of the agar 
will distinguish them from B. coli. 

Comparative tests on 101 samples, using standard broth and 
crystal violet broth have shown the superiority of the latter in 
water analysis. Much time and materials will be saved due to 
the elimination of these organisms giving false tests in water 
examinations. Also, it is no longer necessary to make confirm- 
atory tests on colonies picked from the plate. Two tests are 
now incorporated in one operation thereby shortening the period 
of a complete water analysis by twenty-four hours. 


SUMMARY 


1. Comparative tests using the five organisms, B. coli, B. 
aerogenes, B. subtilis, Staphylococcus aureus and Staphylococcus 
albus have shown the superiority of crystal violet over brilliant 
green as a bacteriostatic agent. 

2. A crystal violet broth medium for the presumptive test 
is described: containing peptone (Difco), 15 grams; K,HPO,, 
15 grams; KH,PQ,, 3 grams; lactose, 15 grams; crystal violet 
(1:5000 solution), 21.5 cc.; distilled water, to make 2000 cc. 

3. Production of acid and gas in this medium in practically 
100 per cent of the samples examined is due to members of the 
coli-aerogenes group. 

4. An agar-dye differential medium is described: containing 
peptone, (Difco), 10 grams; K,HPQ,, 3 grams; KH;PO,, 0.6 
gram; lactose, 5 grams; agar, 20 grams; distilled water, 1000 cc.; 
erythrosine (2 per cent aqueous), 20 cc.; methylene blue (1 per 
cent aqueous), 20 cc. Brom cresol purple (1 per cent alcoholic) 
2 ce. 

5. Results on this medium are equivalent to a partially con- 
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firmed and a confirmed test. In other words, two tests are ob- 
tained in one operation, thus shortening the period to complete 
an analysis by twenty-four hours. B. coli and B. aerogenes are 
sharply differentiated because of distinct differences in their 
carbohydrate metabolism. 

6. Results of water examinations are detailed showing the 
superiority of the method over that given in “Standard Methods.” 
The method gives, not only more clear cut results due to elimi- 
nation of interfering non-colon organisms, but also a saving of at 
least twenty-four hours in the time necessary to complete an 
examination. 
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The obligately anaerobic cocci are so difficult to isolate in pure 
culture and to maintain after isolation that they still remain one 
of the least studied groups of all bacteria. There is no question, 
however, that they are quite common in nature and it is only the 
inadequacy of our technic and our general lack of knowledge of 
them that causes us frequently to overlook them in mixed cul- 
tures, where, if anaerobic bacilli are present, the anaerobic cocci 
are almost certain to be lost in the process of isolation by heating 
and other selective methods particularly designed for sporulating 
bacteria. 

In some cases, however, where the anaerobic bacilli are absent 
and none of the aerobic organisms recovered produces gas as the 
original mixed culture does, one may suspect the presence of non- 
sporulating anaerobes, and frequently, although of course by no 
means always, these prove to be anaerobic cocci, for many of the 
anaerobic cocci, unlike the aerobic cocci, produce gas in suitable 
media. M. gazogenes (Lewkowicz) is one of the commonest, par- 
ticularly in the mouth (Hall and Howitt, 1925) and it frequently 
occurs in the naso-pharynx (Branham, S. E., 1927, 1928; Noble 
and Brainard, 1928) and in the genito-urinary system (Schmid 
and Kamniker, 1926). 

In the present instance, a specimen of catheterized urine was 
examined from an elderly psychotic woman suffering from general 
arteriosclerosis and ergot poisoning, in whom gaseous gangrene 
caused by Bacillus Welchii, Micrococcus aureus and Streptococcus 
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ignavus infection of one hand following an amputation required by 
endarteritis obliterans had been averted by the timely use of 
antigangrene serum and thorough drainage. The patient died a 
few weeks later from general sepsis but no autopsy could be se- 
cured. 

The urine was slightly turbid. Upon centrifugalization no pus 
cells were seen but there were numerous Gram positive diplococci, 
streptococci, and a few long Gram negative filaments. 

Primary cultures were made upon lactose-eosin-methylene blue 
plates, blood agar plates, and in milk (constricted tubes) and deep 
brain medium. No coliform colonies appeared upon any of the 
plates, and B. coli, which is so common in urinary infections, was 
not isolated. Streptococcus fecalis and Micrococcus albus were 
isolated from the blood agar plate. The milk culture was coagu- 
lated after twenty-four hours and showed gas production at forty- 
eight hours but no stormy fermentation such as might suggest the 
possible presence of B. Welchii. The deep brain culture also pro- 
duced gas but the microscopic examination showed only Gram- 
positive diplococci, streptococci and Gram-negative rods. Being 
unable to isolate any Gram-negative rod by aerobic means, I 
assumed that an anaerobic organism of this type might be 
responsible for the gas production in the primary aero-anaerobic 
cultures, and the usual deep agar dilution cultures in Burri tubes 
were prep2red for its isolation (Hall, 1929). Numerous well 
separated colonies were fished from these and several of them 
showed gas production in brain medium, but, upon checking, all 
were found to consist of the aerobic cocci above mentioned mixed 
with some unknown anaerobic gas former. The Gram negative 
filaments and rods never appeared, however, in any of the isola- 
tion cultures and were no doubt lost. 

The daily manipulations designed to isolate the gas former 
lasted more than six weeks and this fact is mentioned only to indi- 
cate the very great difficulty of isolation and to emphasize the 
point that if some other gas former had been isolated the present 
organism would perhaps have been entirely overlooked. Early 
in this period my attention was drawn to a few small densely black 
colonies appearing in certain deep agar cultures that had been 
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incubated for about five days, which is longer than we usually incu- 
bate them before picking colonies. These suggested the possible 
presence of the Bacterium melaninogenicum of Oliver and Wherry 
(1921) and of Burdon (1928) although no reference to gas produc- 
tion is made by these authors. Finally, after many failures and by 
repeated picking of black colonies from deep agar to brain medium, 
checking those showing gas for aerobic contamination (always M. 
albus or Strep. fecalis) and again making deep agar dilution cul- 
tures, three colonies were picked which gave gas in brain medium 
and no aerobic growth on plain agar slants. All of them proved to 
be pure cultures of the organism here designated “Micrococcus 
niger,”’ species novum. 


MORPHOLOGY AND TINCTORIAL REACTIONS 


M. niger is a small Gram-positive coccus measuring about 0.64 
in diameter and forming irregular masses resembling staphylo- 
cocci. Diplococci occurred occasionally but no true chains were 
formed. 


CULTURAL PROPERTIES 


M. niger is obligately anaerobic. Numerous check tests upon 
plain and blood agar slants failed to show any aerobic growth. 
The usual methods of securing anaerobiosis are quite adequate, 
however, for its culture. Growth was slow upon all media at 37°, 
requiring at least two to four days before becoming visible. At 
room temperature (about 25° to 30°C.) in controlled experiments 
with deep agar about seven days were required. 

Deep 1 per cent meat infusion agar with 2 per cent peptone, pH 7.0. 
Colonies appeared first at 37°C. after about two days incubation. 
If thickly seeded, small bubbles of gas sometimes appeared in the 
agar. The colonies were at first colorless, but about the fourth 
day began to show a brownish color, turning to dull black about 
the fifth or sixth day. The pigment was strictly localized in the 
colonies; there was never any discoloration of the medium suggest- 
ing diffusion or solubility. Even though well isolated the colon- 
ies rarely exceeded 0.5 mm. in diameter and were irregularly glob- 
ular, smooth and dense. Owing to their strictly anaerobic re- 
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quirements and slow growth, no colonies were usually found 
nearer than 3 cm. to the surface. Curiously, as the medium dried 
out after a few weeks, admitting air alongside the agar plug, the 
colonies so exposed faded to a dull gray. 

The addition of several cubic centimeters of ascitic fluid to each 
tube of deep agar apparently made no difference in the rapidity or 
character of growth. 

Brain medium. Single colonies picked pure from some deep 
agar into brain medium showed turbidity first only after four or 
five days incubation at 37°C., and gas production uniformly after 
the sixth day. Heavily seeded cultures sometimes showed gas 
after one day’s incubation. I tried but was unable to prove 
acceleration of gas production in brain medium due to synergy 
or symbiosis with Streptococcus fecalis. Pure cultures showed 
only a slight blackening of deep brain containing iron wire after 
prolonged incubation, due presumably to the production of 
sulfuretted hydrogen. The fact that the discoloration in this 
medium is not marked suggests that the pigment formed in agar 
is probably not directly connected with the production of sul- 
furetted hydrogen and the formation of iron sulfide as in the case 
of the putrefactive anaerobic bacilli. 

Blood agar slants under alkaline pyrogallol. No growth visible 
to the naked eye appeared until the fourth or fifth day. Then 
minute black colonies arose like tiny black pearls, round, smooth 
and glistening, reaching next day their maximal size of 0.5 mm. 
They were non-hemolytic even after two weeks. 

Loeffler’s coagulated blood serum under alkaline pyrogallol. Iwas 
unable to note any growth until the eighth day when minute 
brown colonies appeared discretely over the white surface of the 
serum. The largest of these later reached a maximal size of 0.5 
mm. but did not become as black as in agar. There was no lique- 
faction of the serum in five weeks. 

Gelatin. In the constricted tube the gelatin remained clear 
throughout the entire period of observation, but a dark sediment 
became noticeable on the fifth day, gradually becoming more and 
more intensely black. There was no liquefaction after twelve 
days incubation at 37°C. as shown by the hardening of the gelatin 
in the ice box. Identical results were obtained under vaspar seal. 
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Milk. There was no evidence of any growth or change on ten 
days incubation at 37°C., either in the constricted tube or under 
vaspar seal. 

Fermentation tests. Glucose, levulose, galactose, maltose, glyc- 
erol and xylose, tested in constricted tubes with marble seals 
showed turbidity first on the second day, and a trace of gas on the 
third day. A black sediment collected in the bottom of the tubes. 
There was no production of acid; the cultures uniformly became 
more alkaline. It seems probable that no carbohydrates are 
fermented. 


NON-PATHOGENICITY FOR ANIMALS 


M. niger is non-pathogenic for guinea pigs inoculated subcu- 
taneously and for rabbits inoculated intravenously. I tried 2 cc. 
of a four-day-old glucose broth culture in a 200-gram guinea pig 
without any result. I also inoculated a 2500-gram rabbit intra- 
venously with 5 ce. of a five-day glucose broth culture without 
effect. 


DISCUSSION 


There are only a few references in the literature to brown or 
black pigment forming cocci. One of the earliest was that of 
Sternberg (1900) who described an obligately anaerobic long 
chained streptococcus from sputum in a case of human pulmonary 
actinomycosis, which was pathogenic for rabbits, and formed dark 
brown or black colonies upon sugar agar plates. 

In 1903, Léw having observed a dark colored microbice growth 
upon the surface of a solution of chinic acid neutralized with 
chalk, Emmerling and Abderbalden (1903) repeated the condi- 
tions and isolated a coccus, which they called ‘Micrococcus 
chinicus” and which reproduced the pigment upon chinic acid 
neutralized with chalk by the oxidation of calcium chinate to 
protocatechuic acid; under anaerobic conditions naturally no oxi- 
dation occurs and the colonies were colorless. This phenomenon 
was subsequently studied by Beijerinck (1911) who showed that 
various bacteria, notably Bacillus prodigiosus, Aerobacter aero- 
genes, Pseudomonas aromatica, P. fluorescens non-liquefaciens, P. 
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fluorescens liquefaciens, P. pyocyaneus, and a coccus, closely re- 
lated to M. chinicus, but according to Beijerinck distinct, and 
named by him ‘“‘M. calco-aceticus,” all oxidize chinic to protoca- 
techetic acid, as it is now called. Beijerinck further showed 
that brown or black colored compounds may be formed by other 
aerobic bacteria by other oxidations, for example, quercite to 
pyrogallic acid and its colored compounds in the presence of alkali 
and oxygen by Pseudomonas aromatica, tyrosine to homogenetisic 
acid and melanin by Microspira tyrosinatica, and possibly gelatin 
or peptone to chinon by Acetobacter melanogenum. It seems 
obvious, however, that none of these oxidations can account for 
the production of pigment by an obligately anaerobic organism 
such as M. niger. 

In 1907, Graf and Wittenben isolated two species of anaerobic 
streptococcus forming brown or black colonies in deep agar. 
Their Streptococcus “Sch” (Schwartzenbek), from an actino- 
mycoid swelling in the neck of a peasant, formed long chains of 
30 to 50 elements and liquified gelatin; their Streptococcus “K’’ 
(Kiel) from a brain abscess, coagulated and peptonized milk, so 
that M. niger is easily distinguished from these. 

In 1910, Schottmiiller recovered a long chained obligately 
anaerobic streptococcus from puerperal infections, which he 
named S. putridus. The same germ was again recovered by Mar- 
wedel and Wehrsig (1915) from war wounds. According to 
Weinberg and Seguin (1917) it turns blood broth black and pro- 
duces a putrid odor. Schwartz and Dieckmann (1926) (1927) 
suggested that the blackening of blood cultures by S. putridus 
might be due to melanin, but I believe there is no proof for this. 
Numerous studies (Abderhalden, 1909; Kastle, 1909; Gortner, 
1911) have shown that melanin is formed by the oxidation of tyro- 
sin to homogentisic acid by tyrosinase, and while some aerobic 
bacteria apparently produce melanin in this manner, according 
to Gessard (1898, 1901), Lehman (1902), Lehman and Sano 
(1908), and Beijerinck (1911), under aerobic conditions, no pig- 
ment is formed by any of these organisms when they are grown 
anaerobically in the presence of tyrosine, and it is impossible to 
explain the pigment production of an obligate anaerobe in this 
manner. 





MICROCOCCUS NIGER 413 


There is no question of the separate identity of S. putridus and 
M. niger; the long chains and putrid odor of the former clearly 
distinguish it. 

On three different occasions, Gilmer and Moody (1914) ob- 
served black pigment forming organisms in old anaerobic cultures 
from alveolar abscesses but did not succeed in isolating them. I 
have had similar experiences in dealing with cultures from the 
mouth; we do not know whether these are cocci or not. 

Castellani and Chalmers (1919) placed the black pigment form- 
ing cocci in a separate genus, ‘‘Nigrococcus,” with Nigrococcus 
nigrescens (Castellani 1911) as a type. Castellani (1926) has 
since described Micrococcus (Nigrococcus) nigrescens in detail. 
The relation of this organism to air was not definitely stated but 
the impression was left that it is aerobic. Castellani regards it as 
an important symbiont (or better synergist?) with Nocardia ten- 
uts, in the etiology of Trichomycosis nigra. 

The possession of so striking a character as the production of 
black pigment makes it unnecessary here to discuss the other 
anaerobic cocci that do not have it. For more general reviews of 
these organisms the interested reader may refer to the works of 
Jungano and Distaso (1910), Prevot (1925), Ford (1927), Wein- 
berg and Ginsbourg (1927), Thomson and Thomson (1927), and 
Taylor (1929). 

As to the nature of the pigment in M. niger, I have been unable 
as yet to cultivate the organism in sufficient quantity to make any 
determination of its character, but it is permissible, a priori, from 
its strict localization within the colonies, to suggest that it will be 
found to be insoluble in aqueous solutions, and from the fact of its 
production under anaerobic conditions that the mechanism of 
its elaboration differs strikingly from those chromogenic processes 
for the production of black pigments by aerobic bacteria, where 
oxidation plays so important a réle. Furthermore the fading of 
the anaerobic colonies on exposure to the air suggests that studies 
of this pigment will be complicated by the necessity of keeping it 
protected from the atmosphere. 
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Studies on the oxidation-reduction potentials of bacterial sys- 
tems have proceeded along two major lines: first, the effect of 
the oxidation-reduction character of the medium on the growth 
and activities of the bacteria; and second, the effect of the bac- 
teria on the potentials ef the medium. 

The material dealing with the second phase has been reviewed 
by Thornton and Hastings (1929), Harvey (1929), and Coulter 
and Isaacs (1929). The work on the first line the effect of the 
potentials on the bacteria, has been confined largely to the an- 
aerobic organisms becauseit is with these forms that this 
factor is conspicuously effective. That anaerobic bacteria can 
be grown in a medium exposed to atmospheric oxygen pro- 
vided there is an appropriate adjustment of the oxidation-re- 
duction character of the medium, has been shown by Berthelot 
(1924), Hosoya (1925), and Quastel and Stephenson (1926), and 
their findings have added materially to our understanding of the 
physiology of these organisms. © 

The aerobic forms grow in the presence of free atmospheric 
oxygen and thus but little attention has been paid to the importance 
of the oxidation-reduction potentials on their activities. The 
results of the present study deal primarily with the influence of 
the oxidation-reduction character of the substratum on the 
growth and behavior toward atmospheric oxygen of an aerobic 


1 Published with the permission of the Director of the Agricultural Experiment 
Station. 
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form, Rhizobium, which is the causative agent of the root nodules 
of the Leguminosae. 


THE RELATION OF THE OXIDATION-REDUCTION CHARACTER OF THE 
MEDIUM TO THE BEHAVIOR OF RHIZOBIUM TOWARD 
ATMOSPHERIC OXYGEN 


The results of many tests indicate that the behavior of the 
nodule organism toward atmospheric oxygen depends to a large 
extent upon the oxidation-reduction character of the medium. 
For example, agar shake cultures in media of varying oxidation- 
reduction character show decided differences in the depth of the 
zone of growth. For such studies, tubes of the melted agar me- 
dium are thickly seeded with the organisms, and observations 
made at various intervals on the growth zones established by the 
bacteria. Eisenberg (1918) working with certain aerophilic 
spore formers and the cholera vibrio, observed that these organ- 
isms developed distinct zones of growth below the surface of glucose 
agar in shake cultures and attributed this behavior to an oxygen 
relationship. Aubel and Aubertin (1927) used a similar method 
in studying certain anaerobic and facultative bacteria, and en- 
deavored to measure the potentials of the media at which the 
growth zones appeared by the use of oxidation-reduction indi- 
cators. Snieszko (1928) observed that the zonation of the 
nodule bacteria in liquid media was influenced by the hydrogen 
ion concentration. 

The growth zones established by the nodule bacteria appeared 
as definite lines either at, or under, the surface depending upon 
the character of the medium. In so much as the organisms were 
seeded uniformly throughout the tubes and fixed at their respec- 
tive places in the solid medium, it seems reasonable to assume 
that the definite growth zones established, represented regions in 
which the organisms found optimum conditions with respect to 
oxygen. 

The following four media of differing oxidation-reduction char- 
acter were used. 
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Basic mineral salts agar 


0.5 grams 

0.2 grams 

0.1 grams 

15.0 grams 
Distilled H,O 


(A) Mannitol nitrate mineral salts. One per cent of mannitol and 
0.1 per cent of potassium nitrate were added to the basic 
mineral salts agar. 

(B) Ferric ammonium citrate mineral salts. One per cent of 
ferric ammonium citrate was added to the basic formula. 


TABLE 1 
Depth of growth levels established by certain root nodule bacteria in agar shake 
cultures 





DEPTH BELOW SURFACE 





Ferric 
ammonium 
citrate 
medium 


ORGANISMS Mannitol 
nitrate 


medium 


Yeast extract 
mannitol medium 


Yeast extract glucose 
medium 





mm. mm. 


Alfalfa 100..............| 


Clover 202...... shee: 
EE eee 
Bean 403.............. 


At the surface 
At the surface 
At the surface 
At the surface 


At the surface 
At the surface 
At the surface 
At the surface 





Soybean 504............. 13 At the surface 
12 At the surface 


12 At the surface 




















(C) Yeast-extract mannitol mineral salts. Differs from (A) in 
that 100 cc. of yeast extract were substituted for the potas- 
sium nitrate. 

(D) Yeast-extract glucose mineral salts. Differs from (C) in that 
glucose was substituted for the mannitol. 


Modifications of these media were made by the addition of 
oxidizing or reducing substances (potassium permanganate and 
cysteine respectively) to increase or decrease the oxidation- 
reduction intensities. All of the media were adjusted to pH 
6.8 when the experiments were initiated, with the exception of the 
ferric ammonium citrate medium. 
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From the data in table 1 it is seen that the level of the zone of 
growth of any of the organisms used in this study is determined 
to a great degree by the potential of the substrate; moreover, the 
level of this zone differs with the various organisms. The four 
media are arranged in table 1 in the order of their oxidation- 
reduction intensities, with the mannitol nitrate representing the 
most oxidizing and the yeast-extract glucose, the most reducing 
medium. 

In the mannitol nitrate medium each of the organisms estab- 
lished growth zones well under the surface (5 to 13 mm.). This 
medium contained 0.1 per cent of potassium nitrate which rend- 
ered it rather oxidizing in character. A picture similar to that 
in the mannitol nitrate ~. 4s obtained in the shake cultures of the 
ferric ammonium citrate medium. The growth zones of all the 
organisms tested appeared under the surface (3 to 8 mm.) of the 
medium, but at levels somewhat higher than in the first case. 

In the yeast-extract mannitol medium, the growth levels ap- 
peared uniformly higher in the tubes than with either the manni- 
tol nitrate or ferric ammonium citrate medium. The first four 
organisms established growth levels at the surface only. The 
other three appeared slightly under the surface. The substitu- 
tion of the yeast water, which is reducing in character, for the 
potassium nitrate was the only difference between this medium 
and the mannitol nitrate one, in which all of the organisms grew 
well under the surface. 

The yeast-extract glucose medium differs from the one just 
discussed in that glucose, which is strongly reducing, has re- 
placed the mannitol. The growth zones of all organisms ap- 
peared at the surface only in this medium. 

In general, it appears that, as the media are made more reducing 
in character, the growth zones appear correspondingly nearer to, 
or at, the surface of the medium. This conclusion was confirmed 
further by the addition of cysteine to the media in which the 
zones normally appeared below the surface. Upon the addition 
of approximately 0.1 per cent cysteine, the growth zones were 
established only at the surface of these media. As indicated by 
the reduced state of methylene blue, this amount of cysteine 
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was sufficient to maintain anaerobic conditions for some time 
throughout the tube except at the very surface. 

After incubation for one month, a second growth zone appeared 
some 8 mm. under the first in the cultures of the soybean nodule 
organism in mannitol nitrate agar. Burnett, (1927) working 
with Enterococcus 775, reported a similar phenomenon when this 
organism was subjected to the influence of cyanide. Eisenberg 
(1918) also noted that certain strains of a cholera vibrio and 
many aerophilic spore formers in shake cultures of glucose agar 
often established more than one growth level, frequently evenly 
spaced one below the other, with the upper zone appearing first. 
Nowak (1908) has suggested that the appearance of two growth 
levels with B. abortus indicates that the organism possesses two 
optima of oxygen tension. 

In the case of the soybean organisms, however, the two zones 
of growth do not seem to indicate the presence of two oxygen 
optima since the two levels were established at intervals of 
approximately one month, with the second zone appearing under 
the first. The first level was established, it is believed, at a 
point of optimum oxygen pressure for the organism at that time. 
The release of carbon dioxide and the diffusion of other metabolic 
by-products into the medium prevented the organisms in other 
regions from initiating growth. After the organisms in the first 
zone had run their physiological course, i.e., stopped respiring, 
and the medium had evaporated somewhat, oxygen again diffused 
in and a second optimum appeared in a region just below the 
toxic region established by the first—hence the second zone. 


Growth in highly oxidized media 


Another experiment was set up in which the medium, (yeast- 
extract glucose nitrate) was treated with varying amounts of 
potassium permanganate (0.001 to 0.04 per cent) to intensify 
its oxidative character, and inoculated with the clover nodule 
organism. This medium was a modification of the previously 
described yeast-extract glucose medium—D. The yeast extract 
was reduced to 20 cc. per liter, glucose to 4 grams, and 0.5 gram 
of potassium nitrate added. The hope was to attain an oxida- 
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tion-reduction potential at which these aerobic bacteria could 
derive their energy by the oxidation of the glucose and simulta- 
neous reduction of the nitrate or permanganate and hence be 
grown in the absence of free atmospheric oxygen. 

The potassium permanganate was sterilized separately in solu- 
tion, and added to the medium in proper concentrations. Before 
inoculation and after the addition of the permanganate to the 
medium, the tubes were placed for fifteen to thirty minutes in a 
water bath at 50°C. It was necessary to allow the reaction be- 
tween the permanganate and the medium to come to equilibrium 
beforé inoculating in order to avoid killing the organisms. 
Heavy inocula of the organisms, five drops of a rich suspension, 
were used and uniformly suspended in the medium. - The tubes 
were incubated at room temperature and observations made on 
the growth levels established. 





KMn0O« appep DEPTH OF GROWTH ZONES 





per cent 
None Surface only 

0.001 Surface only 

0.002 4mm. 

0.005 6 mm. 

0.015 10 mm., some diffusion 

0.02 Diffused growth below 10 mm. 
0.04 No growth 








With the addition of increasing amounts of potassium perman- 
ganate to the medium, there was a corresponding lowering of the 
growth levels in the medium. When the medium was oxidized 
to a level just short of inhibition of growth, there was a tendency 
for the organisms to grow throughout the medium. The be- 
havior of these aerobic organisms in the highly oxidized media 
was similar to that of facultative anaerobes in nutrient agar. 
Whether or not these organisms, growing in the deeper layers of 
the medium were able to develop at a much lower oxygen ten- 
sion by making use of some combined oxygen; or whether the 
effect of the potassium permanganate permitted the atmospheric 
oxygen to penetrate more deeply into the medium, remains a 
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question. This phenomenon, however, suggested the possibility 
of growing these organisms under anaerobic conditions. 

A similar series of tubes was set up and incubated both under 
a vaseline seal and in anaerobic chambers (alkaline pyrogallol). 
Slight evidence of cell proliferation in the highly oxidized media 
was noted under the anaerobic conditions but in no case was 
good growth secured. In view of the slight evidences of growth 
secured in these tubes, it is believed that if the proper combina- 
tion of the ingredients of the medium were obtained and the 
oxidation-reduction potential properly adjusted, these organisms 
might be able to use combined oxygen and grow in the absence 
of atmospheric oxygen. 


THE EFFECT OF OXIDIZING AND REDUCING SUBSTANCES ON THE 
GROWTH OF THE CLOVER ROOT NODULE ORGANISM IN 
PLATE CULTURES 


In Petri plate cultures, the layer of the substrate is usually thin 
and exposed to atmospheric oxygen. Certain strains of the root 
nodule organisms establish growth levels in shake cultures (test 
tubes) at a depth greater than is commonly found in Petri plate 
cultures. These deep zones of growth are especially character- 
istic of highly oxidized media. The question which naturally 
arose was, what effect would oxidizing and reducing substances 
have upon the growth of these aerobic organisms in thin sub- 
strates characteristic of Petri plate cultures. To test this idea 
restricted areas in Petri cultures were activated by blocks of 
plain agar adjusted to the proper pH, in which either oxidizing 
or reducing compounds had been incorporated. 

Five oxidizing compounds were used in the blocks: (1) po- 
tassium permanganate, (2) potassium nitrate, (3) potassium 
chlorate, (4) ferric ammonium citrate, and (5) hydrogen peroxide. 
The reducing materials used were: (1) cysteine, (2) ferrous am- 
monium sulfate and (3) living potato blocks. 

The agar blocks were prepared in the following manner. The 
oxidizing or reducing compounds in known concentrations were 
sterilized. A 2 per cent plain agar solution, adjusted to pH 6.8, 
was sterilized, and cooled to 45°C. The proper amounts of the 
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oxidizing or reducing compounds were added and the agar poured 
into Petri plates in 4 to 5 mm. layers. Subsequently, small 
pieces of this layer were cut out and introduced aseptically into 
other Petri plates preparatory to seeding the clover root nodule 
organisms around them in the media to be tested. The organ- 
isms were homogeneously suspended in the media before pouring 
the same around the oxidizing and reducing agar blocks. 

A few exceptions necessarily were made to the procedure just 
described. The ferrous ammonium sulfate and hydrogen perox- 
ide were not sterilized but introduced aseptically. The sterile 
potato blocks were cut from the heart of a potato and used as 
such. 

Several media were used representing those relatively oxidizing 
as well as those relatively reducing in character. In order to 
emphasize the significance of this factor in Petri plate work, 
oxidizing and reducing compounds were added to some of the 
media. The media, adjusted to pH 6.8, when the experiments 
were initiated, were as follows: 


. Mannitol nitrate mineral salts 
. Mannitol nitrate plus 0.2 per cent potassiura chlorate 


. Yeast-extract glucose plus 0.1 per cent cysteine 


1 
2 
3. Mannitol nitrate plus 0.01 per cent potassium permanganate 
4 
5. Yeast-extract mannitol plus 0.05 ferrous ammonium sulfate 


The ingredients of the basic media are given in the first part of this 
paper. 


Theoretically, the bacteria in a medium that is too much 
reduced for optimum growth should be stimulated in the region 
of an oxidizing block, and likewise if the medium in which the 
organisms are seeded is too oxidizing in character, growth should 
be enhanced in the vicinity of a reducing block. Further, organ- 
isms seeded in a medium that is poised at a potential slightly too 
high for their optimum growth should be inhibited in the region 
of a block carrying a greater oxidation intensity. These hy- 
potheses are borne out rather consistently in the experimental 
data obtained in these studies. 
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The data in table 2 together with plate 1, give a general picture 
of the effects of the oxidizing and reducing substances on the 
growth of these organisms in the various media. The oxidizing 
blocks all gave distinct stimulation to cell proliferation in media 
which were somewhat too reduced for the optimum growth of 
the organisms, for example, in the media reduced with cysteine 
and ferrous ammonium sulfate (see plate 1, e and f). 


TABLE 2 
The effect of oxidizing and reducing blocks on the growth of the clover nodule organism 
(strain 202) in Petri plate cultures 





PLATING MEDIA 


Yeast- 
| Man- extract 
Man- nitol a 

. . nitol | nitrate| Yeast- | 
OXIDIZING AND REDUCING BLOCKS | Man- nitol 
| nitrate! potas- | eatract 
nitol | ferrous 
potas-| sium | glucose 
nitrate . Pp ammo- 
agar sium per- | cysteine nium 
chiorate, manga- agar sul- 
agar — phate 
| age | | agar 





Potassium permanganate 0.07 to 0.1 per cent. . | 2. +++ 
Potassium chlorate 0.15 to 0.2 percent....... .| | ¢ re 
Hydrogen peroxide 0.0015 per cent Ba | +4 
Ferric ammonium citrate 1 per cent........ .| i+] ° | +++ |--4. 
Potassium nitrate 0.2 percent............... 0 | O | * | ++ | ++ 
Cysteine 0.1 to 0.2 per cent........... ++4+/+4+4+/+4+4] — to 0) 
Ferrous ammonium sulphate 0.1 percent.....) ++ | ++ |+++4+ ~ * 


Living potato l+++\+++/+++) 0 to - ° 





+ designates stimulation in the vicinity of the block; 0 growth in plate but no 
apparent stimulation or inhibition around block; — designates inhibition in 
vicinity of the block. 

* No growth. 


The reducing agar blocks (cysteine, ferrous ammonium sul- 
phate, and potato) likewise stimulated growth in media which 
were too oxidizing in character for the best growth. The manni- 
tol nitrate medium is frequently used in culturing the nodule 
bacteria, yet the organisms showed well defined growth responses 
in the vicinity of the reducing blocks. 

On the other hand, inhibition of growth was noted around the 
oxidizing blocks (potassium permanganate) in media (mannitol 
nitrate, etc.) which at the outset were already too oxidizing for 
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optimum growth (see plate 1,c). If the media and the blocks 
possessed practically the same intensity factor of oxidation, no 
apparent effect was noticed in either direction, as for example a 
nitrate block in a mannitol nitrate medium. The situation re- 
solves itself into a balancing of the oxidation-reduction intensity 
factors of the medium on the one hand and those of the blocks on 
the other. 

The behavior of the ferrous ammonium sulfate block in the 
mannitol nitrate medium is interesting. The block containing 
0.1 per cent ferrous ammonium sulphate stimulated growth in 
this medium in the immediate vicinity of the block, shading off 
to regions of less and less growth toward the more oxidized areas 
of the Petri plate (see plate 1, a). By increasing the concentra- 
tion of the ferrous ammonium sulphate to 0.2 per cent in the 
block, a zone of inhibition appeared in the immediate vicinity of 
the block, gradually approaching a region of optimum growth, 
and again shading off to regions of less growth at the more oxi- 
dized side of the Petri plate. (See plate 1, b.) The ring of 
heavy growth, it is believed, marked a point at which an optimum 
oxidation-reduction potential was reached for this organism, 
bordered on the one side by a region too reduced and on the other 
by a region too oxidized for the best growth of the organism. 

An equally interesting behavior of the organisms was observed 
in the yeast-extract mannitol medium reduced with the ferrous 
salt and surrounding a potassium permanganate agar block in a 
Petri plate. It was possible to control the distribution of the 
growth of the organisms in the uniformly seeded plates by adjust- 
ing the balance between the oxidizing intensity of the block on 
the one hand and the reducing intensity of the medium on the 
other. When only one-half gram per liter of the ferrous salt was 
added to the medium, growth was established some distance out 
into the medium around the permanganate block. By increasing 
the strength of the ferrous salt from 0.5 to 1 gram per liter, growth 
appeared only in the immediate vicinity of the permanganate 
block, often on the very top of the block itself. 

The ferric ammonium citrate has been considered an oxidizing 
agent in these experiments in spite of the citrate radical which it 
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carries. It behaved, however, as a weak reducing agent in the 
mannitol nitrate medium as evidenced by a slight stimulation of 
growth in the vicinity of the block. This growth stimulation 
may have been due in part to the utilization of the citrate radical 
by the bacteria as a source of energy. On the other hand, when 
this block was placed in a highly reduced medium such as yeast- 
extract mannitol ferrous salts or cysteine agar, a very pronounced 
growth stimulation was observed as shown in table 2. Again the 
situation resolves itself into a balancing of the oxidation-reduction 
intensities of the reacting substances. It would seem that the 
ferric ammonium citrate is less oxidizing than the potassium 
nitrate; thus, in a medium containing an appreciable amount of 
the latter, it may become reducing in nature, while it is oxidizing 
in the presence of such actively reducing compounds as cysteine 
or ferrous salts. 

Some evidence was obtained in these studies which seems to 
indicate that the antiseptic properties of certain compounds are 
due, in part at least, to the poising of the medium at an unfavor- 
able potential for the growth of the organisms. The antiseptic 
properties of ferrous salts are well recognized, yet by placing these 
salts in the proper environment, they become distinctly stimula- 
tory in their effect upon bacterial growth. One gram of ferrous 
ammonium sulphate added to most of these media readily in- 
hibited growth of the organisms. Some of the Petri plate 
cultures, however, in which growth had been inhibited by the 
ferrous salts for some ten days, were treated with drops of 
an appropriate concentration of potassium permanganate, and 
growth appeared. This indicates that the organisms had pre- 
viously been unable to initiate growth because of the reducing 
effect of the ferrous iron. Similar experiments were performed 
with the potassium permanganate and hydrogen peroxide. It 
seems that the toxicity of these oxidizing and reducing com- 
pounds depends upon their concentrations in relation to the 
oxidation-reduction character of the environment into which 
they are introduced. 

Similar conclusions have been reached by other workers. 
Dubos (1929 a) suggested that the toxic action of certain bac- 
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teriostatic dyes may be due to the “poising” of the media at an 
unfavorable potential for growth. Methylene blue and the in- 
dophenols were found to be no longer bacteriostatic when present 
in a reduced state in a medium capable of maintaining them in 
such a condition. Referring to the redox indicators in the study 
of luminous bacteria, Harvey (1929) suggests that too much 
indicator (the oxidized form) added to bacterial suspensions will 
overbalance the reducing capacity of the bacteria and with 
greater concentrations the luminescence will be permanently 
quenched. Cannon, Cohen, and Clark (1926) demonstrated 
that the halogens lose the greater part of their toxicity when 
added to bacterial suspensions under conditions which prevent 
the attainment of potentials positive to indophenols. 

These experiments clearly emphasize that the numbers of 
colonies appearing in Petri plate cultures do not necessarily 
represent all the viable organisms seeded there, even when work- 
ing with pure cultures. In media poised at a rather unfavorable 
potential but not completely inhibitory to growth, only a few 
colonies appeared scattered throughout the plate, but in the 
vicinity of oxidizing or reducing blocks, which adjusted that 
immediate area to a more favorable potential, many colonies 
appeared. By reducing certain areas in the mannitol nitrate 
medium, for instance, with a cysteine agar block, frequently the 
colonies appearing in the.vicinity of the block were increased 
twenty to fifty fold as contrasted with the remainder of the plate. 
It is believed that these few colonies appearing in the media of 
unfavorable potential originated from clumps of organisms or 
from individuals possessing an unusually high state of viability. 
This condition suggests that proper adjustment of the oxidation- 
reduction character of media used for making quantitative plate 
counts of these organisms is of importance. 


THE INFLUENCE OF THE OXIDATION-REDUCTION CHARACTER OF THE 
MEDIUM ON PLATE COUNTS 


The mannitol nitrate mineral salts agar medium is sometimes 
used in culturing the nodule bacteria. In the preceding experi- 
ments wich the oxidizing and reducing blocks in Petri plate cul- 
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tures, this medium appeared to be somewhat too oxidizing in 
character for the optimum growth of these organisms. Distinct 
stimulation was evidenced in the vicinity of the reducing blocks; 
cysteine, ferrous ammonium sulphate, and living potato blocks. 
The colonies not only appeared earlier in the region of the reducing 
ing blocks, but frequently the number of colonies was increased 
materially as contrasted with the remainder of the plate. 

A series of experiments were made to study the effect of various 
concentrations of cysteine, reducing in nature, on Petri plate counts 
of the clover nodule organism made with this medium. 

The formula for the mannitol nitrate medium is given in the 
first part of this paper. The cysteine was sterilized in a concen- 
trated solution (0.2 gram in 10 cc. of distilled water) as cysteine 
hydrochloride, and adjusted to pH 6.8 with dilute sterile NaOH. 
The media, for the various experiments, were made up at differ- 
ent intervals but were prepared alike in each case. It was neces- 
sary also to use different cultures of the organisms as the source of 
the original inocula in each experiment. No special effort was 
made to control the age of the organisms or the age of the medium 
used, except to keep within reasonable limits ordinarily established 
in laboratory procedure, since in any case, the factors were con- 
stant for a given experiment. 

Before plating, the medium was liquefied and cooled to 45°C. 
in a water bath; the cysteine added in proper concentrations, 
uniformly mixed, and the plates, containing the inocula from the 
various dilutions, poured. In each experiment an endeavor was 
made to keep all the conditions involved exactly the same, the 
only variable being in the amounts of cysteine added. It willbe 
noted that the concentrations of cysteine used in these experi- 
ments are much lower than those referred to previously in con- 
nection with the cysteine agar blocks and agar shake cultures. 

The results of this work indicate that the oxidation-reduction 
character of the medium is of considerable importance in making 
Petri plate counts with this organism. The data in table 3 
represent some typical results obtained in a few of the experi- 
ments carried out. In general, the lowering of the oxidation-reduc- 
tion potential of the medium by the addition of 0.003 to 0.005 per 
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cent cysteine gave material increases in the counts, from 2 to 30 
times that of the control plates. Above this concentration of 
cysteine, a gradual decrease in counts below the optimum ob- 
tained. In certain experiments, however, media containing con- 
centrations of cysteine as low as .003 per cent gave lower counts 
than the controls. 

The cause for the variations which exist in the effect of similar 
concentrations of cysteine on the initiation of growth by the 
bacteria in the various batches of media is not well understood. 
These variations seem to indicate, however, that the original 
potentials of the various batches of media, as well as the sensitiv- 


TABLE 3 
The effect of cysteine in mannitol nitrate medium on Petri plate counts of the clover 
nodule organisms (strain 202) 





PLATE COUNTS IN MILLIONS 





MANNITOL NITRATE MEDIA PLUS 2 
Experi- Experi- Experi- Experi- 
ment A* ment B* ment C* ment D* 





2.5 10.5 3.5 42.0 
21.5 20.5 104.5 21.0 
0.005 per cent cysteine 16.5 18.0 89.0 13.0 
0.0075 per cent cysteine 15.0 
0.01 per cent cysteine 10.5 79.0 2.0 
0.05 per cent cysteine 0.8 

















* A new batch of medium and a new culture were used in each experiment. 


ity of the organisms to certain potentials at different stages of 
growth, may vary within certain limits. There is reason to 
believe that the age of the medium, and the intensity of steriliza- 
tion, as well as the physiological state of the organisms may be 
contributing factors. Further studies are in progress to analyze 
these conditions in more detail. 


THE INFLUENCE OF THE OXIDATION-REDUCTION CHARACTER OF 
THE MEDIUM ON DILUTION COUNTS 


Probably one of the most critical stages in the growth of bac- 
teria is the period just following transfer to a new medium. The 
shock of being introduced suddenly into a new environment and 
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the necessity of making certain adjustments of, or to, the new 
environment make the growth initiation period more or less 
critical. In view of the fact that a liquid medium presents a 
different set of conditions from those characteristic of solid 
media, a series of experiments were set up using the liquid manni- 


TABLE 4 


The effect of the oxidation-reduction character and physical condition of the medium 
on dilution counts 





INOCULUM Cc, 





10 | 10 | 10°*| 10-*| 10-*| 10-*| 107 





Clover organism 202—21 days incubation 





Mannitol nitrate medium: 
er 
+ 0.002 per cent cysteine 
+ 0.004 per cent cysteine 
+ 0.01 per cent cysteine 
+ reduced iron..... 
+ fine sand* 


i++ 





++++4+41 
+++ 1 ttt 





+++ 


+ ground filter paper*.....................] 





Soybean organism 504—21 days incubation 





Mannitol nitrate medium: 


+ 0.01 per cent cysteine 
+ reduced iron 

+ fine sand* aed 
+ agar..... Teg oo) ee 
+ ground filter paper*.....................) # | +] 


+++ i++ 
+++ i ttt 





| 





* Lag phase much longer than in other instances, about 5 to 7 days before any 
of the tubes clouded. 


tol nitrate medium and the clover nodule organism. Small ex- 
periments finally led to a composite test of several modifications 
of this medium. The results of a typical experiment are recorded 
in table 4. 

The mannitol nitrate liquid medium was prepared according 
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to the formula previously given in this paper, with the excep- 
tion that the agar was omitted. The cysteine was handled in a 
manner similar to that previously described and added to the 
medium just prior to seeding the organisms. The reduced iron, 
the sand, and the powdered agar were autoclaved in a dry condi- 
tion and added aseptically to the medium in amounts that could 
be conveniently transferred on the end of a spatula, just before 
the tubes were inoculated. 

In all cases the medium was cooled to room temperature before 
the different substances were added; this prevented the agar 
from going in solution. The pulverized filter paper was sterilized 
directly in the medium. 

The organisms for the inocula were taken from a yeast-extract 
mannitol liquid culture. The various dilutions were made up in 
9 cc. water blanks, and a 1 cc. quantity of these dilutions trans- 
ferred to the various tubes of medium, respectively. Several 
controls were run to test the sterility of the various substances 
added to the medium. 

One of the striking observations made in this series of experi- 
ments was that these organisms which ordinarily initiated growth 
in the mannitol nitrate agar medium were unable to initiate 
growth, even in very low dilutions, in the liquid. In dilutions 
as low as 1 to 10, sufficiently heavy to cloud the medium some- 
what, the organisms failed to proliferate, precipitated out of 
solution, and the medium became clear. On the other hand, by 
reducing this liquid medium with a very small amount of cysteine 
(0.002 per cent) growth was secured when the inoculum was 
reduced to 1 ce. of a 1 to 10 million dilution. 

The effect of cysteine on cell proliferation has been studied by 
several workers and two major explanations of its activities have 
been offered. First, it has been suggested that the sulfhydryl 
group (-SH), as such, is a necessary metabolic constituent for 
cell division; and second, that the reducing effect of the cysteine 
on the potentials of the medium is responsible for certain stimu- 
latory effects observed in biological systems. Hammett (1929) 
in his work on mitosis in root tips and the reproduction rate in 
Paramecium states that “‘Sulfhydryl is the essential stimulus to 
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growth by increase in cell number.’’ Quastel and Stephenson 
(1926) on the other hand, attributed the stimulatory effect of 
cysteine on the growth of B. sporogenes. to the reducing action of 
the cysteine which resulted in a lowering of the potential of the 
medium, thus creating a more favorable environment for cell 
multiplication. 

Our experimental studies indicate that the oxidation-reduction 
potentials of the medium are responsible, in part at least, for the 
behavior of these aerobic organisms in the mannitol nitrate 
medium, rather than the presence, specifically, of the sulfhydryl! 
group. It will be noted that very similar increases in counts to 
those obtained by the use of cysteine were induced by the addi- 
tions of silica sand, filter paper, and plain powdered agar to 
the tubes, substances which probably are devoid of the -SH 


group. 

As shown in table 4, three general classes of media were used: 
(1) the untreated mannitol nitrate medium, (2) the medium re- 
duced by varying amounts of cysteine, and (3) the medium to 
which such chemically inactive substances as filter paper, agar, 
silica sand, and reduced iron were added. It is believed that the 


behavior of the organisms under any of these conditions may be 
interpreted in terms of oxidation-reduction phenomena. No 
growth was initiated in the untreated medium. This mannitol 
nitrate liquid medium appears to be poised at a potential too high 
for growth to occur. Further, due to the convection currents of 
the liquid, the bacteria were unable to adjust this potential 
favorably by their metabolic processes. In the second case, the 
proper concentration of cysteine lowered the potential to a suit- 
able level for the bacteria and cell multiplication proceeded. In 
the third case, it is probable that the stimulatory effect of such 
substances as pulverized filter paper, sand, and agar on cell pro- 
liferation in this medium was due to the creation of a condition 
in which the bacteria themselves were able to adjust the environ- 
ment to conditions favorable for their growth. The reduced iron 
and possibly the agar may also change the oxidation-reduction 
potentials. But in view of the diverse nature of the substances 
used it would seem that the effects were principally due to the 
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blocking of the convection currents of the medium and the es- 
tablishment of pockets in the medium sufficiently small and iso- 
lated so that the organisms were able themselves to make suitable 
adjustments of this portion of the medium and proliferate. 
These findings are consistent with results obtained by Douglas, 
Fleming, and Colebrook (1917) in their studies on the growth of 
anaerobic bacilli in fluid media under apparently aerobic condi- 
tions by the addition of a number of chemically inactive substances 
such as charcoal, asbestos wool and the like. 

It has been observed by the students in this field that cells of 
micreérganisms in some way assist each other in growth and can 
adjust their environment within certain limits to conditions more 
favorable for growth. Gillespie (1913) found that larger inocula 
of pneumococci were required to start growth in broth than on an 
agar medium, and concluded that organisms in some way assist 
each other in growth when they are closely associated while 
when they become scattered in a liquid medium, this favoring 
action is lost. To a somewhat similar condition Churchman and 
Morton (1921) applied the term, ‘communal activity” and Rob- 
ertson (1922) the term, “allelocatalysis.”’ Clark (1924) states 
that actively growing anaerobes, if not overtaxed, can establish 
their own reducing conditions even in the presence of a certain 
amount of molecular oxygen. Webster (1925), Burnett (1925), 
Quastel and Stephenson (1926), and Dubos (1929b) all working 
under different conditions with different organisms have come to 
the conclusion, that certain media while capable of growing the 
organisms when heavily seeded do not allow isolated individuals 
or even small inocula to develop. 

The organic nitrogen carried by the cysteine may be possibly 
a contributing factor to the stimulatory effect of this compound 
on the growth of these organisms. Increasing the cysteine, 
however, from 0.002 to 0.01 per cent caused a depressing action 
(table 4). If it were wholly a question of a more available nitro- 
gen source, it is hardly conceivable that such a small increase 
should exhibit a material depressing effect on cell multiplication. 

Moreover, the increases in growth produced by the addition of 
such rather inactive substances chemically as filter paper, sand, 
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and reduced iron can hardly be accounted for on this basis. Other 
data, not recorded in this paper, obtained on the stimulatory 
effect of cysteine on these organisms in an aged yeast-extract 
mannitol medium, which carries organic nitrogen, seem to em- 
phasize the importance of another factor aside from a purely 
nutritional requirement. 

It is difficult to attribute the entire effect of cysteine on bac- 
terial growth under these conditions to any one specific cause, 
yet there seems to be sufficient evidence to indicate that the 
reducing action of cysteine is at least one of the contributing 
factors responsible for the increase in cell proliferation observed 
in these studies. 


SUMMARY 


These studies indicate that the oxidation-reduction character 
of bacteriological media exerts an important influence on the 
growth and behavior toward atmospheric oxygen of certain 
aerobic bacteria (Rhizobia). 

In agar shake cultures these organisms establish thin zones of 
growth, the level of which depends on the oxidation-reduction 
character of the substrate. 

The ability of these organisms to initiate growth is determined 
in part by the oxidation-reduction character of the medium. 
By oxidizing and reducing certain restricted areas in Petri plate 
cultures, marked contrasts were observed in the number of 
colonies appearing on the treated and untreated portions. By 
reducing with appropriate concentrations of cysteine a medium 
which is slightly too oxidized for the best growth of these organ- 
isms, it is possible to increase greatly the number of sources which 
develop into colonies in Petri plate cultures or to lessen the size 
of inoculum necessary to secure growth in tubes of liquid media. 
It is evident that the oxidation-reduction character of the medium 
is of importance in making counts of these organisms by either 
the Petri plate or dilution methods. 

These organisms are able to make certain adjustments in the 
oxidation-reduction character of media which are slightly too 
oxidized for their growth. The introduction of sand, finely 
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divided filter paper, etc. into a liquid medium, which was too 
highly oxidized to permit growth, provided conditions which 
allowed the organisms to develop. Apparently this was due to 
the trapping of small volumes of the medium where the organisms 
were able to make the necessary adjustments. Development in 
such tubes was slower than in tubes in which the medium was 
reduced with appropriate concentrations of cysteine. The length- 
ened lag phase seems to represent the time occupied by the organ- 
isms in changing the potential of the medium to a more favorable 
condition. 

The bacteriostatic effect of certain oxidizing and reducing 
substances seems to be due in part to the poising of the medium 
at an unfavorable potential for growth. The toxicity of these 
compounds depends largely upon their concentration in relation 
to the oxidation-reduction character of the system in which they 
are introduced. Similar concentrations of the same compounds 
were found inhibitory to bacterial growth under one set of condi- 
tions and stimulatory under another. 
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PLATE I 


Tue Errect or Oxip1z1ING AND RepvucinG BLocks ON THE GROWTH OF RHIZOBIUM 
(CLover 202) 1n Petri PLate CULTuREs 


a. Mannitol nitrate medium, with a 0.1 per cent ferrous ammonium sulfate 
block. 

b. Mannitol nitrate medium, with a 0.2 per cent ferrous ammonium sulfate 
block. 

ec. Mannitol nitrate medium, with a potassium permanganate block. 


d. Mannitol nitrate, potassium permanganate medium with a cysteine block. 

e. Mannitol ferrous ammonium sulfate medium with a potassium permanganate 
block. 

f. Glucose cysteine medium with a potassium permanganate block. 
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